PHYSICAL RESPONSES OF CELLS TO GRATING TOPOGRAPHY VIA MECHANO-SENSING by WONG SUM THAI
PHYSICAL RESPONSES OF CELLS TO GRATING 
TOPOGRAPHY VIA MECHANO-SENSING 
WONG SUM THAI 
(M.Sc., NUS) 
A THESIS SUBMITTED 
 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY IN 
ENGINEERING 
DEPARTMENT OF BIOMEDICAL ENGINEERING 





I hereby declare that this thesis is my original work and it has been written by 
me in its entirety. I have duly acknowledged all the sources of information 
which have been used in the thesis. 
This theiss has also not been submitted for any degree in any university 
previously. 
                         . 





I would like to convey my heartfelt gratitude to my supervisor, A/P Evelyn 
Yim, for her patience, guidance and encouragement throughout the entire 
period of candidature. 
 
I would also like to thank all past and present members of the Regenerative 
Nanomedicine Laboratory for their advice and support. In particular, I am 
thankful to Dr. Teo Kim Kiat, Dr. Soneela Ankam, Mr Aung Aung Kywe 
Moore, Ms Marie Francene Cutiongco, Ms Goh Seok Hong and Mr Nguyen 
Anh Tuan for their assistance in troubleshooting issues and providing 
invaluable resources for the running of experiments. In addition, I am indebted 
to my co-supervisor Dr. Chiam Keng Hwee of BII and Dr. Teo Soo Kng of 
IHPC for their assistance and guidance in model development. 
 
More importantly, I would like to express my heartfelt thanks to my wife 
Susan who has been standing by me and providing unwavering support 
throughout all these years. The road to graduate study has been a long one and 
it would definitely not have been possible without the cooperation and 
understanding of my family members. My children have also been a source of 
inspiration that gave me the strength to carry on whenever difficulties arise. 
 
 ii 
Last but not least, I am grateful for the funding support provided by the 
Mechanobiology Institute of NUS as well as scholarship support (Scientific 
Staff Development Award) by A-STAR IHPC. 
 iii 
Table of Contents 
Acknowledgements ........................................................................................... i	  
Summary ......................................................................................................... ix	  
List of Figures ............................................................................................... xiii	  
List of Tables ................................................................................................ xix	  
List of Abbreviations ................................................................................... xxi	  
Chapter 1	   Introduction ................................................................................ 1	  
1.1	   Background .................................................................................................... 1	  
1.2	   Research hypothesis and aims ..................................................................... 3	  
1.3	   Thesis outline ................................................................................................. 5	  
Chapter 2	   Literature Review ...................................................................... 6	  
2.1	   Mesenchymal stem cells ................................................................................ 6	  
2.2	   Control of stem cell fate by extracellular matrix cues ............................... 7	  
2.2.1	   Regulation of stem cell differentiation via cell shape ............................. 9	  
2.2.2	   Regulation of stem cell differentiation via ECM rigidity ...................... 11	  
2.2.3	   Regulation of stem cell differentiation via ECM nanotopography ........ 12	  
2.3	   Microfabrication of topographies using biomaterials to mimic ECM cues
 13	  
2.3.1	   Types of topographical structures .......................................................... 16	  
2.3.2	   Cellular responses on topography .......................................................... 18	  
 iv 
2.4	   Mechano-sensing of physical cues in the extracellular matrix ................ 20	  
2.4.1	   Focal adhesions – linking cytoskeleton to the ECM .............................. 21	  
2.4.2	   Cytoskeleton mediates actomyosin contractility .................................... 24	  
2.4.3	   Mechanotransduction ............................................................................. 26	  
2.5	   Measurement of cellular traction forces .................................................... 27	  
Chapter 3	   Formation of focal adhesions is modulated by grating 
topography 30	  
3.1	   Introduction ................................................................................................. 30	  
3.2	   Methods and materials ................................................................................ 31	  
3.2.1	   PDMS gratings fabrication and surface preparation .............................. 31	  
3.2.2	   hMSC cell culture .................................................................................. 32	  
3.2.3	   Immunofluorescence staining ................................................................ 32	  
3.2.4	   Focal adhesion quantification, area and elongation characterization ..... 34	  
3.2.5	   Statistical analysis .................................................................................. 35	  
3.3	   Results and discussion ................................................................................. 35	  
3.3.1	   Grating topography modulates focal adhesion elongation ..................... 35	  
3.3.2	   Identification of focal adhesions via image segmentation ..................... 37	  
3.3.3	   Focal adhesion area and elongation are dependent on grating width ..... 38	  
3.4	   Conclusion .................................................................................................... 42	  
 v 
Chapter 4	   Human mesenchymal stem cell basal membrane bending on 
gratings 43	  
4.1	   Introduction ................................................................................................. 43	  
4.2	   Methods and materials ............................................................................... 45	  
4.2.1	   Human mesenchymal stem cell culture ................................................. 45	  
4.2.2	   Transmission electron microscopy sample preparation ......................... 45	  
4.2.3	   Transmission electron microscopy imaging .......................................... 45	  
4.2.4	   Characterization of membrane bending ................................................. 46	  
4.2.5	   Statistical analysis .................................................................................. 47	  
4.3	   Results and discussion ................................................................................ 48	  
4.3.1	   TEM of cells at various dimensions showing membrane of hMSC bends 
into grating groove ............................................................................................. 48	  
4.3.2	   Membrane deflection is dependent on membrane bending angle and 
grating groove width .......................................................................................... 51	  
4.3.3	   Mathematical model of membrane bending .......................................... 53	  
4.3.4	   Validation of membrane-bending model against experimental data ..... 54	  
4.3.5	   Membrane bending angle is dependent on substrate bending angle ...... 59	  
4.3.6	   Membrane-bending model predicts membrane deflection regime ........ 61	  
4.4	   Conclusion .................................................................................................... 63	  
Chapter 5	   Anisotropic rigidity sensing on grating topography directs 
human mesenchymal stem cell elongation .................................................. 64	  
 vi 
5.1	   Introduction ................................................................................................. 64	  
5.2	   Methods and materials ................................................................................ 66	  
5.2.1	   Preparation of grating and fibronectin line pattern samples .................. 66	  
5.2.2	   Fabrication of gratings and line patterns ................................................ 67	  
5.2.3	   Human mesenchymal stem cell culture .................................................. 70	  
5.2.4	   Scanning electron microscopy ............................................................... 70	  
5.2.5	   Mechanical characterization of PDMS with different curing ratios ...... 70	  
5.2.6	   Fluorescence staining of F-actin and nucleus ........................................ 71	  
5.2.7	   Immunofluorescence staining of focal adhesions .................................. 71	  
5.2.8	   Cell elongation and alignment quantification ........................................ 72	  
5.2.9	   Statistical analysis .................................................................................. 72	  
5.3	   Results and discussion ................................................................................. 73	  
5.3.1	   Cell elongation and alignment are higher on smaller and stiffer PDMS 
gratings ............................................................................................................... 73	  
5.3.2	   Cell elongation and alignment both increase with increasing PDMS 
grating aspect ratio ............................................................................................. 77	  
5.3.3	   Cell elongation on line patterns on flat substrates is independent of line-
width 80	  
5.3.4	   Mathematical model of cell elongation driven by anisotropic grating 
rigidity 84	  
5.3.5	   Cell alignment on gratings correlates with cell elongation .................... 91	  
 vii 
5.4	   Conclusion .................................................................................................... 93	  
Chapter 6	   Mechano-sensing of grating topography is mediated by cell 
contractility via traction forces .................................................................... 95	  
6.1	   Introduction ................................................................................................. 95	  
6.2	   Methods and materials ............................................................................... 96	  
6.2.1	   Fabrication of PAA gratings and substrate preparation ......................... 96	  
6.2.2	   Fabrication of PDMS gratings and substrate preparation ...................... 98	  
6.2.3	   Fabrication of GelMA gratings and substrate preparation .................... 99	  
6.2.4	   3T3 fibroblast cell culture .................................................................... 101	  
6.2.5	   Live cell imaging and detection of fluorescent beads displacement ... 101	  
6.2.6	   3D Traction force calculation .............................................................. 101	  
6.2.7	   Statistical analysis ................................................................................ 104	  
6.3	   Results and discussion .............................................................................. 105	  
6.3.1	   Fabrication of PAA gratings ................................................................ 105	  
6.3.2	   3D deconvolution improves XY and Z spatial resolution ................... 106	  
6.3.3	   In-plane traction force is higher on unpatterned PAA ......................... 108	  
6.3.4	   Out-of--plane traction force is higher on PAA gratings ...................... 110	  
6.3.5	   Cell traction forces are higher on gratings ........................................... 113	  
6.3.6	   Choice of grating substrate material .................................................... 114	  
6.4	   Conclusion .................................................................................................. 116	  
 viii 
Chapter 7	   Conclusion and Recommendations ....................................... 117	  
7.1	   Conclusion .................................................................................................. 117	  
7.2	   Recommendations: .................................................................................... 120	  
7.2.1	   Grating-specific 3D TFM algorithm .................................................... 120	  
7.2.2	   Focal adhesion formation on line patterns ........................................... 120	  
Chapter 8	   References ............................................................................... 121	  
Chapter 9	   Appendix ................................................................................. 153	  
9.1	   Derivation of membrane bending model ................................................. 153	  
9.2	   Derivation of the equation for calculating grating deformation  δy in the 
low rigidity direction. ......................................................................................... 156	  




In tissue engineering, stem cells play an important role in the regeneration of 
diseased tissues and organs. As the fate of stem cells can be regulated by 
biochemical and physical cues, the field has evolved by adopting a 
multidisciplinary approach in applying principles of cell transplantation, 
material science and biologics to construct stem cell-derived substitutes to 
restore normal function. 
For human mesenchymal stem cells (hMSC), it has been demonstrated that 
the stiffness and geometry of the extracellular matrix are capable of directing 
them to differentiate into specific lineages. While surface topography is 
commonly used as a form of physical cues to influence cellular responses, it 
can also induce hMSC differentiation via changes in cell shape and adhesion. 
As cell shape is strongly influenced by focal adhesions and cells cultured 
on gratings also become elongated and aligned to the grating axis, the size and 
shape of focal adhesions were the first area of study. Analysis of 
immunofluorescence-stained images of the focal adhesion protein paxillin 
showed that the distribution of focal adhesion size and shape is dependent on 
grating width. 
The next area of this study examined the phenomenon of hMSC basal 
membrane invading into the grooves of gratings. By analysing transmission 
electron microscope (TEM) images and modeling the membrane as a bending 
 x 
beam, the extent of this membrane bending was determined to be dependent 
on the grating groove width and the top edge curvature of the ridge. 
The above results led to the postulation that local rigidity sensed by cells 
could be modulated by the width of gratings. Using data from a series of 
experiments involving gratings of different dimensions and substrate 
materials, a model was then developed to explain how cell elongation is 
dependent on grating rigidity and aspect ratio. Based on this model, the 
anisotropic local rigidity introduced by the grating topography resulted in cell 
elongation in the direction of higher rigidity. 
Lastly, traction force data showed that cells on gratings exerted a higher 
traction force in the direction of the gratings as compared to cells on 
unpatterned substrate. This is likely due to the anisotropy in grating rigidity, 
which supported the formation of larger focal adhesions and led to stronger 
contractility along the grating axis. 
In conclusion, the current work has shown the different aspects of cell 
physical responses toward grating topography and shedding the light in the 
understanding of the mechano-sensing of underlying ECM topography.  As 
the cell-matrix interactions involved a complex array of multiple components 
and signaling pathway, a combination of experiments and mathematical 
modeling was used to enable the studying of the cell-substrate interaction from 
a mechanistic perspective and to investigate the physical parameters 
controlling the mechano-sensing of the gratings. The results provided a more 
complete characterization of the effects induced by grating topography. This 
 xi 
thesis also demonstrate the evidence that the mechanosensing of the 
underyling ECM topography through the changes of focal adhesion and 
mechanical changes in the basal membrane, and in turns the alignment of 
cytoskeletal and cell body along the axis of the maximum physical forces.  
The changes of focal adhesion, cell alignment and membrane bending could 
be affected by the dimension, aspect ratio, curvature and the rigidity of the 
grating topography. This thesis may generate new insights from which further 
discoveries could be made.
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Chapter 1 Introduction 
1.1 Background 
Living cells are able to sense and adapt to their surrounding environment by 
responding to external stimuli. In addition to chemical cues mediated through 
the well-studied ligand-receptor mechanism, cells are also sensitive to 
mechanical perturbations mediated through physical forces. These responses 
are the underlying drivers behind the various cellular functions such as 
migration [1,2], differentiation [3] and proliferation [4,5]. For example, it is 
known that cells preferentially migrate from a softer to a stiffer substrate in a 
phenomenon termed durotaxis [6]. In contact guidance, the topographical 
features of the substrate align the shape and orientation of the cells [7]. 
Stem cells are non-specialized cells that have the ability to renew indefinitely 
and differentiate into specialized cell types. As they are the source from which 
all other cell types are derived, stem cells show great potential in the field of 
regenerative medicine in the development of replacement organs and tissues 
for the therapy of traumatic defects and degenerative diseases. The lineage 
specification of stem cells can be regulated by physical cues from their 
extracellular microenvironment, which are originated from either geometric 
constraints on cell shape, substrate rigidity or topography [3,8,9]. In particular, 
human mesenchymal stem cells (hMSC) have been shown to differentiate into 
neurons when seeded onto substrates with gratings topography [10]. Through 
 2 
contact guidance, the cells were also elongated and aligned along the axis of 
the gratings. 
The influence of gratings on cell elongation is well-documented and common 
across different cell types [11,12]. Although existing literature suggested that 
cell elongation is dependent on grating aspect ratio, there has been a lack of 
quantitative study to identify other possible key physical and mechanical 
parameters involved in the regulation of such changes. Moreover, since cell 
shape is one of the important regulators in directing the lineage of stem cell 
differentiation, it might be feasible to optimize the design of gratings for 
certain desired cell types if such information is available. 
Besides gratings, cell elongation has also been shown to depend on substrate 
rigidity. Cells on rigid unpatterned substrate tends to be more elongated with a 
concomitant increase in the size of focal adhesions [13]. Therefore, it would 
be worthwhile to investigate the interplay between grating aspect ratio and 
substrate rigidity in regulating cell elongation in gratings. As gratings 
topography also has a direct influence on FA formation by either facilitating 
(ridges) or disrupting (grooves) integrin binding, this implies that the 
constraints imposed on the size and shape of FAs may be an important factor 
in determining the extent of cell elongation on gratings. 
During force-dependent maturation of FAs in elongated cells, they would 
elongate and align in the direction of highest tension. This initial alignment of 
FA could then lead to an overall change in cell morphology following the 
reinforcement and alignment of actin stress fiber triggered by the actomyosin 
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contractile forces [14]. As cell elongation on gratings is much higher on 
gratings, one way to verify this change in cytoskeletal contractility due to 
gratings would be to examine the cellular traction force. 
1.2 Research hypothesis and aims 
Through the process of mechanotransduction, stem cells convert mechanical 
signals from physical cues into downstream biochemical signals. While the 
mechanism of biochemical regulations of cell behaviors have been widely 
studied and characterized, the mechanism of how the mechanical signals from 
physical cues such as topography is not well characterized.  The motivation of 
this thesis study was to use a combination of experimental and computational 
methods to understand the mechanism of cell responses to one specific type of 
topography, the grating topography which has variables only in the x-z plane 
while the y-axis can be assumed to be infinite.   
The main cellular components involved in this process, namely the actin stress 
fibers and focal adhesions, relay forces bidirectionally between the 
intracellular and extracellular compartments. As topography is a form of 
physical cues, it is hypothesized that cells sense the underlying gratings 
through detecting the change in the different aspects of cellular responses 
induced by the grating topography. To further investigate into the effect of 
gratings on various cellular responses, the above hypothesis has been further 




1. Gratings affect arrangement of FAs, whose size and shape are 
dependent on grating width 
2. Gratings affect membrane bending, whose extent is dependent on 
grating width and curvature 
3. Gratings affect cell shape via anisotropic rigidity. Cell elongation is 
dependent on grating aspect ratio 
4. Gratings affect cytoskeletal contractility, which can be demonstrated 
by a different level of cell traction force 
 
Pertaining to the above hypotheses, the following list of aims were proposed: 
 
Aims 
1. To characterize the effect of grating width on size and shape of focal 
adhesions 
2. To characterize the effect of grating width on the extent of basal 
membrane bending into the grating groove 
3. To characterize the effect of grating aspect ratio on cell elongation and 
understand the role of anisotropic rigidity in inducing cell elongation 
4. To characterize the magnitude and direction of cell traction force on 
gratings to verify the changes in the cytoskeletal contractility. 
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1.3 Thesis outline 
Chapter 2 begins with a review of mesenchymal stem cells and their defining 
properties. In the next few sections, the influence of various types of ECM 
physical cues on stem cell fate is covered. This is followed by a review of the 
different types of topographical structures used in the study of cell-ECM 
interactions, the cellular responses induced as well as the related 
microfabrication technologies. The rest of the chapter is devoted to examining 
the cellular components involved in adhesion, cytoskeletal contractility and 
their roles in mechanotransduction. Chapter 3 covers the regulation of focal 
adhesions morphology on gratings of different sizes. In Chapter 4, the focus 
turns to the development of a model to explain and predict the phenomenon of 
basal membrane bending into the grating grooves. Next, the role of anisotropic 
rigidity sensing in driving cell elongation and alignment on gratings is detailed 
in Chapter 5. In Chapter 6, the distribution and magnitude of 3D traction 
forces on unpatterned substrates and gratings are presented and compared. 
Last but not least, the conclusion to this study and recommendations for future 
work are presented in Chapter 7. 
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Chapter 2 Literature Review 
2.1 Mesenchymal stem cells 
Stem cells are defined as cells with the ability to undergo self-renewal and to 
differentiate into specialized cell types [15,16]. As such, they possess 
therapeutic potential in regenerative medicine and are the promising cell 
source for tissue replacement after injury or disease [17]. Mesenchymal stem 
cells (MSC) are progenitor cells of adult connective tissues that possess stem 
cell-like characteristics and the advantage that they can be derived from a 
variety of different sources. Since they were first identified as colony-forming 
unit fibroblast-like cells in bone marrow by Friedenstein et al. [18], they have 
also been successfully derived from diverse cell sources, such as adipose 
tissue [19], peripheral blood [20] and the lung [21]. Even though these cells 
were described by different names that reflect their origin and differentiation 
capacity [22], the term MSC was first coined by Caplan [23] to describe a 
heterogenenous population of multipotent cells capable of differentiating into 
multiple mesenchymal lineages, such as adipocytes, osteocytes and 
chrondrocytes [24–26] (Figure 2.1). While differentiation of MSCs was 
originally thought to be restricted to cells of mesodermal lineage, there has 
been reports of MSCs differentiating into cell types of a different lineage, such 
as neurons [10], in a process known as transdifferentiation [27]. This 
discovery raises hope for the possibility of applying cell replacement therapy 
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to neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease 
etc, by taking advantage of the abundant source of cells. 
Figure 2.1 The mesengenic process of MSC showing the hypothesized scheme 
of a multipotent MSC self-renewing and having the capacity to be induced 
into several mesenchymal lineage pathways resulting in the formation of 
definitive tissues, such as bone, cartilage, muscle, etc.[23] 
2.2 Control of stem cell fate by extracellular matrix cues 
Traditionally, the common strategy of directing the differentiation lineage of 
MSCs has been to use a combination of biochemical cues such as growth 
factors and transcription factors [28–30]. However, there has been a growing 
body of evidence that other physical factors from the environment also play a 
role in regulating stem cell differentiation. In particular, the extracellular 
matrix (ECM) provides a multitude of inter-dependent cues in different forms 
that influence with the stem cell fate through interactions of ECM ligands with 
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cell surface receptors[31] (Figure 2.2). It is a three-dimensional fibrillar 
protein scaffold that comprises predominantly of three major structural 
proteins – collagen, fibronectin and laminin, as well as other non-structural 
proteins – elastin, fibrillin, tenascin, glycosaminoglycan and proteoglycans 
[32]. Each of these has a specific distribution and assembly pattern in different 
tissues that contributes to the stem cell niche, a specialized in-vivo 
microenvironment around cells that help regulate the survival, self-renewal 
and differentiation of stem cells within adult tissues, by providing structural 
support as well as presenting growth-modulating factors [33]. While the 
stiffness of the ECM has been demonstrated to possess a direct influence on 
the differentiation lineages of MSCs [3] and neural stem cells [34], changes in 
cell shape induced by ECM micropattern is equally capable of directing MSC 
[8,35] to osteoblastic or adipogenic lineage. In addition, mechanical force 
perturbations also play a role in stem cell lineage determination. For example, 
studies that were carried out to isolate the effect of cell stretch on stem cells 
behavior showed that cyclic uniaxial strain leads MSC to commit to a 
myogenic phenotype [36] whereas uniform biaxial strain induces osteogenic 
differentiation of MSC [37]. Ultimately, these physical cues will be 
transduced into biochemical signals to effect a change in some downstream 
signaling pathways that regulate differentiation. 
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Figure 2.2 The dynamic dependence of the primary factors of the cellular 
microenvironment that influence cell behavior and stem cell fate [38]. 
2.2.1 Regulation of stem cell differentiation via cell shape 
Cell shape has been shown to be a powerful regulator of numerous biological 
processes such as proliferation and apoptosis. In one such study by Chen et al. 
[39], endothelial cells were switched between proliferation and apoptosis by 
modulating the cell shapes. Using microcontact printing techniques, ECM 
proteins were laid down on substrates forming adhesive islands. Cells seeded 
on these islands spread and assumed the shape of the islands. In controlling 
the cell shape through the size and geometry of such islands, it was possible to 
trigger endothelial cells to switch from growth to apoptosis independent of the 
type of adhesion proteins. Another study involving smooth muscle cells on 
such micropatterned islands reported that the cells with elongated morphology 
possess a lower rate of proliferation [40]. In addition, the regulation of 
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collagen I expression in human fibroblast was also found to be related to cell 
elongation [41]. 
Extending this mechanism to stem cells, cell shape also plays a part in their 
lineage specification. By culturing embryonic stem cells on multi-perforated 
polycarbonate membranes with holes, Yang et al. [42] were able to alter the 
cell shape and showed that only elongated cells underwent myogenesis while 
round cells remained undifferentiated. Using the micropatterning technique to 
deposit ECM proteins onto a substrate, McBeath et al. [8] demonstrated that 
MSC could be induced to follow the osteogenic lineage when spread flat and 
the adipogenic lineage otherwise. More recently, the influence of cell shape on 
adipogenic/osteogenic lineage commitment of MSC was revisited by Kilian et 
al. [35]. In the presence of both adipogenesis and osteogenesis-promoting 
soluble cues, MSCs were cultured on rectangular patterns with increasing 
aspect ratio and pentagonal patterns with different tip curvatures. The results 
showed that geometric features with higher aspect ratio and curvature gave 
rise to a higher proportion of osteoblasts as compared to adipocytes. Similarly 
MSCs with a more rounded cell and nuclear morphology were also found to 
exhibit a greater disposition towards chrondrogenic differentiation [43,44]. 
These studies clearly point to the strong influence of cell shape on the lineage 
commitment of stem cells. 
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2.2.2 Regulation of stem cell differentiation via ECM rigidity 
Besides exerting influence on cellular behaviour through constraining their 
shape, the ECM can also play a major role in regulating important cellular 
processes, such as migration, apoptosis and proliferation, via its mechanical 
rigidity. In a study of cell migration in tissue formation by Guo et al. [45], it 
was found that fibroblasts and epithelial cells spread on stiff polyacrylamide 
substrates after migrating away from one another, while they merged to form 
tissue structures on compliant substrates. The dependence on substrate rigidity 
was also observed in the apoptotic responses of normal and transformed 
fibroblasts [46], in which the former showed a higher rate of apoptosis on 
compliant substrates and that of the latter was unaffected by substrate rigidity. 
In another work on cell proliferation, human dermal fibroblasts on compliant 
collagen matrix grew at a slower rate that was reversible by increasing the 
rigidity of the substrate in situ [47]. 
Following these principals, studies on stem cells have been able to directly test 
the hypothesis that stem cell lineage specification can be similarly determined 
by the mechanical properties of the ECM. In one of the most well known 
experiments, MSCs cultured on polyacrylamide gels with varied rigidity 
altered their rigidity to match the rigidity of the substrate [3]. In the process, 
the substrate rigidity determined the differentiation lineage of the MSC. Cells 
on compliant substrate with a similar rigidity as brain tissue became 
neurogenic. Those on substrate with intermediate rigidity as muscle tissue 
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underwent myogenic differentiation, while the rest on substrate as stiff as bone 
followed the osteogenic pathway. Similarly, the differentiation of adult neural 
stem cells has been shown to be regulated by the rigidity of the underlying 
hydrogel culture system [34]. While differentiation was inhibited at very low 
rigidity, the cells differentiated into neurons when rigidity was in the 100-500 
Pa range, as well as into glial cells at even higher rigidity. 
2.2.3 Regulation of stem cell differentiation via ECM nanotopography 
The cellular microenvironments provided by the ECM differ not only in their 
rigidity, but also in terms of their composition and in the crosslinking between 
fibrous and non-fibrous proteins. Such differences resulted in variations in 
terms of molecular conformation, surface topography, porosity or fiber 
diameter, all of which can be sensed by cells as a form of physical cues at the 
micro- and nano-scale level. On highly porous 3D polystyrene scaffolds, the 
neurite growth from neurogenic differentiated stem cells was significantly 
enhanced, as compared to flat surfaces [48]. The ECM topography has similar 
influence on cell alignment, where the directional growth and differentiation 
of adult rat hippocampal progenitor cells cultured on micropatterned 
polystyrene substrates exhibited higher degree of alignment (>75%) along the 
direction of the grooves [49]. 
Similar to other cell functions, stem cell differentiation has also been shown to 
be regulated by topographical cues in various forms presented in 
nanotopography. In the work of Dalby et al. [50], MSCs expressed a higher 
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level of bone-specific ECM proteins on poly(methylmethacrylate) (PMMA) 
substrates with semi-disordered pits (120nm depth with 200nm spacing) as 
compared to flat unpatterned substrates. Even on materials with similar 
roughness, different topography is sufficient to induce different lineage 
commitment in differentiation. This is evident when substrates with relatively 
large titanium nanotubes (100nm diameter) promoted significant MSC 
elongation with differentiation into osteoblast-like cells, while smaller tubes 
(30nm diameter) can only sustain adhesion without noticeable differentiation 
[51]. 
2.3 Microfabrication of topographies using biomaterials to mimic 
ECM cues 
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Figure 2.3 Mimicking in-vivo embryo, neural and cardiac tissue organization 
via fabricated microtopographies in in-vitro plaforms [52]. 
As described in the previous sections, besides being able to sense the 
macroscopic changes in cell shape and the mechanical properties of the 
surrounding matrix, cells are capable of detecting micro- and nano-scale 
geometric cues from their environment. In vivo, through its structure and 
molecular composition of structural proteins and polysaccharides, the ECM 
presents a variety of geometrically defined, three dimensional physical cues on 
the order of micro- and nano-scale, known as topographies [53–55]. In the 
field of tissue engineering, the ability to artificially reproduce these 
topographies on substrates via microfabrication technologies may provide an 
understanding of the cell-topography interactions and lead to novel ways of 
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controlling cell behavior and stem cell fate ex-vivo. Examples of 
microfabricated topographies used in in-vitro platforms are shown in Figure 
2.3. 
Figure 2.4 Influence of ECM nanotopography on cell response[56]. (A) 
Nanotopographical features affect sub-cellular behaviours such as the 
clustering of cell adhesion molecules and the distribution of cell-substrate 
adhesion contacts, (B) Secondary effects of nanotopographical features to alter 
effective stiffness perceived by cells. 
One way in which cells interact and respond to the topographical cues is 
through a phenomenon known as contact guidance [57]. While the geometry 
and size of the underlying topographical features at the micron level affect 
cellular and supracellular characteristics such as cell morphology and tissue 
organization, their effects at the nanometer length scale influence sub-cellular 
behaviours such as the clustering of cell adhesion molecules and the 
distribution of cell-substrate adhesion contacts (Figure 2.4A). Previous studies 
have shown that the spacing between cell-adhesive gold nanodots on a 
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substrate cannot be more than 73 nm in order to support the adhesion and 
spreading of MC3T3-osteoblasts [58]. Depending on the geometry, there may 
also be other side effects on cell behavior due to topographical features, in 
which the effective stiffness perceived the by cells is different from the 
stiffness of the underlying substrate (Figure 2.4B). 
2.3.1 Types of topographical structures 
 
Figure 2.5 Common nanotopographical structures used as substrates. 
Anisotropic topographies, such as gratings and fibers, are directional and 
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provide cues along a single axis. Isotropic topographies, such as pillars and 
nanopits, have cues that are uniform and omnidirectional. Topographical 
gradients present cues that change gradually over a particular direction [59]. 
Different types of topographies have been used in the study of the interactions 
between cells and substrate. Among all, gratings are one of the most 
commonly used topography. They are typically made up of alternating 
patterns of ridges and grooves of equal width and height. Due to its geometric 
structure, gratings are a form of anisotropic topography whose cues are not 
uniform in all directions. As a result, most cell types cultured on gratings 
become elongated and aligned along the major axis. In addition to the change 
in morphology, the cytoskeletal elements undergo reorganization to align in 
the direction of the gratings [60,61] as focal adhesions become aligned and 
localized to the gratings [7]. 
Besides gratings, other types of common topographical structures include 
pillars [62–64], wells [65], and pyramids [66]. Unlike gratings, pillars are a 
form of isotropic topography that provides uniform and omnidirectional cues. 
While the height and spacing of the pillars were shown to influence cell 
morphology and spreading, they did not induce any cell elongation or 
alignment in a particular direction. When the pillar height was reduced, cells 
exhibited similar morphologies as those observed when cultured on flat 
substrates. In general, in addition to geometry and dimensions, the influence 
of substrate topographies on cell responses is highly cell-specific and more 
comprehensive studies will be required to elucidate underlying mechanism 
governing these cell-substrate interactions. 
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2.3.2 Cellular responses on topography 
Although the culture conditions experienced by cells on 2D topography is 
vastly different from the actual physiological environment in the body, they 
are still useful as simplified systems in which each individual factor can be 
precisely regulated to isolate and elucidate its effect on cellular responses and 
functions 
Here, a survey is presented on the influence of different forms of topographies 
on cell responses. Jin et al. used nanogrooved polystyrene to alter the gene 
expression and cell cycle of Madin-darby canine kidney cells, resulting in 
enhanced cell adhesion and growth [67]. In another experiment, Yim et al. 
[68] showed that smooth muscle cells were elongated and aligned along 
nanopatterned PDMS gratings with reduced proliferation rates. The groove 
width was shown to influence cell elongation and migration speed when Kim 
et al. [69] cultured 3T3 fibroblasts on nanogratings with a pattern density 
gradient. It was observed that elongation and cell migration peaked in areas 
where the gratings were most closely packed. The cell-type specific sensitivity 
to such groove patterns has been further investigated in a recent study [70], in 
which the characteristic response of human fibroblast cells, endothelial cells 
and smooth muscle cells were compared on grooved substrates with feature 
size with lateral dimensions of 2-10 µm . It was found that while there is a 
general behavior to align and migrate along the grooved substrate, there 
existed a difference in the degree of sensitivity among the cell types. Other 
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than line structures, Dalby et al. shown that fibroblasts were also sensitive to 
nano-pits by probing with finger-like protrusions at the leading edge known as 
filopodia [71]. In fact, it is notable that cells are even sensitive to variation in 
surface roughness of just a few nanometers [72,73]. 
As an alternative to the conventional approach of using neuronal induction 
medium for neuronal transdifferentiation [24,74], Yim et al. [10] cultured 
human MSCs on substrates with nanogratings and induced them to 
differentiate into neuron cells. In this work, nanogratings of increasing width 
from 350nm to 2µm were used. It was observed that, in the presence of contact 
guidance, the hMSC cell bodies and nuclei undergo elongation and alignment 
along the grating axis. At the same time, the expression level of neuronal 
markers was also significantly upregulated. The extent of this neuronal 
differentiation was inversely related to the width of the nanogratings in that 
smaller grating width led to higher level of differentiation. In fact, one 
interesting finding is that the topographical cue has a even stronger effect than 
using retinoic acid(neuronal induction medium) alone on the expression of 
microtubule associated protein 2 (MAP2). In a comparative study of patterns, 
Martino et al. [9] compared the effects of uniform grid and grooved 
nanopatterns on the differentiation of human bone marrow-derived MSCs into 
osteogenic and adipogenic lineages. Using nanopit arrays of different 
formation, Dalby et al. [50] reported that they were able to stimulate MSC to 
undergo osteogenesis and produce bone minerals in the absence of osteogenic 
supplements. The osteogenic differentiation of MSC using titanium oxide 
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nanotube was also demonstrated to be dependent on the nanotube diameter in 
several studies [51,75]. 
2.4 Mechano-sensing of physical cues in the extracellular matrix 
Cell adhesion is a crucial cell function that provides organization, structure, 
communication in multicellular organisms [76]. The majority of cells in the 
body are anchorage-dependent and are attached to one another via cell-cell 
adhesion or to the ECM via cell-matrix adhesion in order to survive and 
function physiologically[77]. Such attachments contribute not only to the 
cohesion of tissues and organs but also allow the cells to sense and be 
regulated by their microenvironment. In adherent cells such as fibroblasts, cell 
adhesion molecules known as integrins serve as the primary transmembrane 
linkage between the intracellular contractile cytoskeleton and components of 
the ECM that transmit mechanical forces back and forth between the cell 
interior and exterior compartments[78]. Based on this setup, the contractile 
machinery of the cells facilitates the formation of polarized lamellipodia and 
finger-like protrusions known as filopodia in order to probe the properties of 
the ECM[79,80]. ECM cues such as topography affects the cell’s ability to 
adhere and generate force. In addition, matrix chemistry can also regulate cells 
via differential integrin binding to the adhesion sites. For example, it has been 
shown that integrins are arranged differently on fibrillar fibronectin compared 
to that coated on flat substrates as the fibrillar structure limited the 
accessibility of the RGD adhesion site to the exterior of the fibronectin 
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fibrils[81]. Although the mechanisms that underlie these responses are not 
completely understood, they mainly involve the spatiotemporal reorganization 
of the cytoskeleton as well as the formation and maturation of focal 
adhesions[82,83]. 
2.4.1 Focal adhesions – linking cytoskeleton to the ECM 
In the sensing of physical cues from the ECM such as geometry and 
topography, cells typically rely on integrin-based molecular complexes at the 
adhesive cell-matrix interface to detect, process and integrate multiple 
mechanical stimuli into a coherent signal. An examination of the cell adhesion 
machinery reveals that the underlying signaling mechanism primarily involves 
the focal adhesions (FAs), which are heterogeneous multiprotein complexes 
that link the ECM to the cell actin cytoskeleton [84,85]. The organization of 
the focal adhesion can be viewed as a network of tightly interconnected 
modules formed around an integrin cluster, whose functions include binding to 
the ECM, polymerizing and binding actin as well as triggering biochemical 
signals (Figure 2.6). Being a key cell adhesion structure in force transmission 
across the cell membrane, the formation [86] and maturation [87,88] of the 
FAs are also mediated by tension in the actin cytoskeleton. 
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Figure 2.6 A simplified overview of the macromolecular structure of the focal 
adhesion [89]. 
The cascade of events that occurs in the formation of FA is initiated when 
clustered integrin dimers are connected with actin filaments by the linker 
protein talin [90]. This is followed by the binding of actin-associated vinculin 
to talin which in turn activate integrins to establish the link between the ECM 
and actin filaments [91]. In the early phase of FA maturation, microscopic 
nascent adhesion structures known as focal contacts are formed underneath the 
lamellipodia, which is a thin flat cellular extension with a branching actin 
network [92,93]. While actin polymerization in this network drives the 
lamellipodium to extend forward, the entire actin network moves backwards 
relative to the lamellipodium tip and generates a retrograde actin flow that 
brushes against the focal contacts [94]. At the boundary between the 
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lamellipodium and the lamella(a flat, sheet-like region at the cell periphery 
just behind the lamellipodium), the mechanical forces thus experienced by the 
focal contacts lead them to develop into focal complexes with a corresponding 
increase in length and thickness(approximately 1 µm in diameter). Further 
growth of focal complexes into focal adhesions is tension-dependent and 
mediated by the motor protein myosin IIA, which is responsible for the 
contractile nature of the actin stress fibers attached to the focal adhesions at 
their termini [93]. Focal adhesions undergo maturation and develop fully into 
fibrillar adhesions (typically 2 µm wide and 3-10 µm long) under the pulling 
force of the stress fibers. In this way, focal adhesions are acting as 
mechanosensors when they elongate in the direction of the applied force [95] 
with an area proportional to magnitude of the force [96]. The evolution of FA 
showing the different phases of adhesion maturation is shown in Figure 2.7. 
Figure 2.7 Schematic diagram showing the morphological phases of adhesion 
maturation [97]. 
 24 
2.4.2 Cytoskeleton mediates actomyosin contractility 
Cells sense the rigidity of their surrounding microenvironment by generating 
forces and pulling on the ECM. These contractile forces originate from the 
interactions between myosin motor proteins and actin filaments. When such 
interactions were inhibited, epithelial cells lost the ability to contract 3D 
matrices and undergo tubulogenesis [98]. 
Rho GTPases are a subgroup of the Ras superfamily of small guanine 
nucleotide-binding proteins that regulate many cellular activities [99]. Within 
this family in mammals, the three members RhoA, Rac1 and Cdc42 are the 
most well-studied and their activities are crucial to the formation of distinct 
actin cytoskeletal structures, namely stress fibers, lamellipodia and filopodia 
respectively[100]. In the regulation of intracellular contractility to sense 
matrix rigidity and respond to mechanical cues, the small GTPase RhoA, 
together with its downstream effector Rho-associated protein kinase (ROCK), 
are the key players in the various pathways. It has been shown that epithelial 
cells with elevated or suppressed ROCK or Rho activity became incapable of 
responding to changes in matrix rigidity [98,101]. RhoA regulates intracellular 
contractility by stimulating myosin activity and actomyosin contractility [102]. 
This process is mediated by ROCK, which phosphorylates the regulatory 
myosin light chain (MLC), and MLC phosphatase to increase myosin ATPase 
activity [103,104]. In addition, RhoA also controls actomyosin contractility 
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through an alternate pathway by activating the formin mDia to stimulate actin 
polymerization[105]. 
As a result of ROCK-mediated contractility, important cellular processes such 
as proliferation and differentiation are regulated through the effects of ECM 
cues on cell shape. While early studies have shown that proliferation is 
dependent on ECM density due to changes in cell shape[106], subsequent 
research which restricted the extent of cell spreading on ECM islands 
demonstrated that cell shape alone is sufficient to drive proliferation[107]. 
Restricting cell spreading suppresses RhoA activity and cellular force 
generation and constitutively activated RhoA rescues proliferation in unspread 
cells [108,109]. Differentiation and lineage commitment of stem cells are also 
regulated by cell shape and mediated through RhoA-induced contractility. In a 
landmark study, cell shape was found to be a master regulator of MSC lineage 
[8]. On one hand, well-spread cells exhibited increased contractility and 
underwent osteogenesis. On the other hand, unspread cells had suppressed 
contractility and differentiated into adipocytes. Besides cell shape, several cell 
types cultured in compliant environments showed reduced proliferation and 
enhanced differentiation as compared to those in stiff environments [46,110–
112]. The dependence of MSC lineage specification on matrix rigidity is also 
mediated by contractility as inhibition of non-muscle myosin II blocked 




The structural cues from topography have been shown to influence cell shape 
and ultimately cell behavior through the process of mechanotransduction. It is 
defined as the ability of a cell to convert an applied force physical force into 
an intracellular biochemical signal that induces a cellular response and leads to 
a change in cell function [113–116]. Such forces can arise from either internal 
or external sources. While the former are intracellular forces that originate 
from either internal osmotic pressure, polymerization of cytoskeletal structures 
(e.g. actin filaments) or movement motor proteins (e.g. myosins on actin 
filaments), the latter are applied in form of shear, compressive or tensile 
stresses from the microenvironment [117]. 
This interaction between focal adhesions and the actin cytoskeleton is more 
than just unidirectional. As much as the assembly and maturation of focal 
adhesions are regulated by cytoskeletal forces, the growing adhesions can also 
regulate the assembly of the cytoskeleton. It has been shown that new actin 
subunits are incorporated into stress fibers predominantly at the their 
interfaces with focal adhesions [118,119]. In several experiments, this actin-
nucleation function is found to implicate the diaphanous (Dia) family of 
formins [120], whose sequestration leads to the suppression of stress fiber 
formation [118]. In terms of signaling, maturation of focal adhesions is 
accompanied by the activation of RhoA that is mediated by guanine 
nucleotide-exchange factor(GEF) associated with focal adhesions [121,122]. 
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This in turn activates myosin II through the ROCK pathway, which increases 
phosphorylation of myosin II regulatory light chain (MLC) and enhances 
myosin II contractility [123,124]. RhoA also promotes actin polymerization 
through the Dia pathway [105]. 
2.5 Measurement of cellular traction forces 
Adherent cells attached to the surrounding ECM spread out by generating 
internal tensile stresses via actomyosin contractility and actin polymerization. 
This contractile force is transmitted through stress fibers via FAs and exerted 
on the underlying substrate as cellular traction forces, which is typically in the 
range of nano-newtons [125,126]. As traction forces are essential for 
numerous cell functions, such as cell migration, cell shape maintenance and 
sensing of mechanical signals, accurate quantification of their magnitude and 
direction will provide a deeper understanding of the events at both the cellular 
and tissue levels. 
Measurement of traction forces can be carried out on either cell populations or 
single cells. Many techniques developed for cell populations are based on the 
fibroblast-populated collagen lattice (FPCL) model or its derivatives. The 
FPCL is a widely used in vitro model for wound healing studies that is based 
on the use of a collagen gel lattice with embedded fibroblasts. The contractile 
forces are either indirectly measured by changes in gel volume [127] or 
directly quantified by strain gauges [128]. 
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While cell population-based techniques can only provide an estimate of the 
average forces of an ensemble of cells, various techniques have been 
developed to provide either qualitative or quantitative measurement of traction 
forces in single cells. These include wrinkleable thin silicone membrane 
[129,130], micro-machined cantilever beam array [131], micropost force 
sensor array (MFSA) [132,133] and traction force microscopy (TFM) [134–
136]. Even though thin silicone membranes used in early studies demonstrated 
the existence of traction forces, they could not be used to determine and 
quantify traction forces due to the lack of a mathematical formulation. 
Cantilever beam array, on the other hand, is a quantitative approach but it still 
cannot provide the traction force field of the whole cell. In MFSA, traction 
force is calculated from the deflection of microposts using beam theory. It 
does not have the limitations of the earlier techniques and has been commonly 
used in mapping traction forces during cell migration. 
TFM is a further advancement in traction force measurement as it overcomes 
the limitation of MFSA to measure traction force over a continuum space 
instead of a limited space at predetermined discrete locations corresponding to 
the tips of microposts. Elastic hydrogels, such as polyacrylamide (PAA) gel, 
with embedded fluorescent microbeads are used as cell culture substrates to 
measure traction forces. The beads displacement corresponding to the gel 
deformation due to traction forces can be obtained by comparing the pair of 
images showing the beads position before and after the cells have been 
removed. Based on this displacement map, the tractions forces exerted by the 
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cells can be determined as the best-matched solution of an inverse problem. 
Owing to its elegance and simplicity, this inverse problem is generally 
formulated using the Boussinesq analytical solution [137], which assumes 
PAA gel to be a linear elastic material. The Boussinesq solution gives the 
surface displacement of an infinite half-space due to a point surface load and 
can be derived either by applying an inverse Fourier transform [134] or by 
solving a general regularized inverse problem [138]. As the thickness of the 
PAA gel substrate used in TFM is in the order of micrometers, it is arguable 
that the assumptions leading to the Boussinesq solution still remain valid. In 
another more recently developed approach, the gel is modeled using a 3D 
finite element method (FEM) to take in account the effects of finite substrate 
thickness [139]. When both approaches were evaluated for thin substrates, the 
FEM formulation is found to be superior to the Boussinesq solution in 
projecting a larger traction force for far field data in a given displacement 
field. 
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Chapter 3 Formation of focal adhesions is modulated by 
grating topography 
3.1 Introduction 
Gratings are a form of topography that consists of alternating grooves and 
ridges, whose anisotropic structure has a predictable effect on cell 
morphology. Cells cultured on gratings undergo elongation and alignment 
through the mechanism of contact guidance [140]. The use of gratings in cell-
substrate interaction studies serves to mimic the topographical cues presented 
by the fibrous nature of the extracellular matrix (ECM) whose components 
includes both fibril elements (20-30 nm in diameter in vasculature basement 
membrane [141]) and fibril bundles (15-400 µm in diameter in tendon tissues 
[142]). 
Topographical cues regulate cellular responses either directly through the 
influence of the surface features [50] or indirectly via affecting the 
composition, orientation or conformation of ECM components [143,144]. The 
effects of such regulation are largely mediated through the spatiotemporal 
reorganization of the cytoskeleton or in the formation and maturation of focal 
adhesions (FAs) [82,83]. In the case of gratings, the presence of planar areas 
on the ridges, on one hand, facilitate self-assembly of ECM molecules and 
result in integrin binding. On the other hand, the vertical side ledges of the 
ridges also disrupt and prevent integrin binding. This modulation of protein 
adsorption and integrin binding affects the orientation of FA formation 
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[145,146] as an integrin spacing of less than 60-70 nm is required for protein 
recruitment to FAs [147]. In addition, gratings in the range of 1-5 µm have 
also been shown to promote more FA alignment than gratings with larger 
dimensions [7]. This is likely due to the smaller gratings limiting the length of 
FAs that are oriented perpendicular to the grating axis. 
In a study of topography-induced differentiation of stem cells [10], hMSCs 
cultured on nanogratings was found to undergo trans-differentiation into 
neuronal-like cells. As the expression level of the neuronal marker was 
dependent on the width of the gratings, it was hypothesized that neuronal 
differentiation of hMSC on gratings is regulated by changes in the 
arrangement and morphology of focal adhesions (FAs) 
In this chapter, the modulation of the size and morphology of FAs in hMSCs 
by grating topography was investigated using immunofluorescence staining of 
the FA protein paxillin. In order to study the influence of different grating 
widths, the FAs were identified using image segmentation techniques, 
followed by quantification of their area and elongation. 
3.2 Methods and materials 
3.2.1 PDMS gratings fabrication and surface preparation 
The gratings was initially produced using nanoimprint lithography as 
previously described[148]. The polydimethylsiloxane (PDMS) gratings were 
fabricated using soft lithography on the nanoimprinted poly(methyl 
methacrylate) (PMMA) coated silicon master mold. The gratings on the 
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nanoimprinted PMMA master molds were 250 nm in depth, 250 nm in width 
and 500 nm pitch (center to center) unless otherwise stated. The replicated 
patterned PDMS substrates were air plasma-treated (Femto Science, CUTE-B, 
Korea) at 80 % power for 1 min and coated with 2 µg/cm2 of bovine 
fibronectin (Biological Industries, BioREV, Singapore) to increase cell 
adhesion on the hydrophobic PDMS. To study the correlation of focal 
adhesion arrangement, gratings of 1 µm, 2 µm and 10 µm widths, with 
respective 2 µm, 4 µm and 20 µm pitches, were also fabricated similarly. All 
gratings had the same depth of 250 nm. All substrates were coated with 
fibronectin unless otherwise stated. 
3.2.2 hMSC cell culture 
hMSCs (Poietics hMSC, Lonza Singapore) were grown and maintained in 
MSCGM medium (Lonza) at 37 °C  in a 5% CO2 incubator. hMSCs from 
passages 4-6 were seeded on substrates at 5 × 103 cell/cm2. Analyses of 
differentiation were performed after a 7-days culture period unless otherwise 
specified. 
3.2.3 Immunofluorescence staining 
At the end of the 7-days culture, immunofluorescence staining of paxillin was 
performed on the cells according to a standard immunofluorescence staining 
procedure. The cells were first fixed in 4% paraformaldehyde (PFA, Sigma-
Aldrich, Singapore) for 15 min, then permeabilized with 0.1% Triton-X100 
(Bio-Rad, Singapore) for 15 min followed by blocking in 1% bovine serum 
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albumin (BSA, vCell Science, Singapore) for an hour. Primary and secondary 
antibody incubation was carried out at 4 °C overnight, while nuclei and F-
actin were counter-stained, respectively, with 4’,6-diamidino-2-phenylindole 
(DAPI, Sigma-Aldrich, 1:5000 (1 ng/µL)) and F-actin phalloidin (1:500 (6.6 
µM)) for 20 min. The F-actin phalloidin used was either conjugated with 
Oregon Green 488 or Alexa Fluoro 546 (Molecular Probes, Life Technologies, 
Singapore). Primary anti-bodies were diluted in 1% goat serum in phosphate 
buffered saline (PBS) while secondary antibodies were diluted in PBS. 
Primary antibodies used included rabbit anti-paxillin primary antibody 
(Abcam, 1:250), mouse anti-fibronectin antibody (Abcam, 1:250), mouse anti-
MAP2 (Abcam 1:100) and mouse anti-paxillin (Abcam 1:60). Secondary 
antibodies Alexa-Fluor488 goat antirabbit antibody (Molecular Probes, Life 
Technologies, Singapore) and Alexa-Fluor647 antimouse antibody were used 
at 1:1000 and 1:750 dilutions respectively. The samples were then visualized 
with Olympus FluoView FV1000 (Olympus, Japan) laser scanning confocal 
microscope using a 60×/1.00 water objective, with 488 nm Argon or 543 nm 
HeNe laser as the excitation source. Images were then viewed and converted 
to appropriate formats using the attached FV10-ASW v1.7 software. Fifteen 
separate regions were imaged for each sample. 
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3.2.4 Focal adhesion quantification, area and elongation 
characterization 
To quantify focal adhesions (FAs), the hMSCs on the various grating 
substrates with different widths were immunofluorescently stained for FA 
protein component paxillin. Four independent samples were examined for 
each grating size with nonpatterned substrates as controls. Using image 
processing software Fiji (http://fiji.sc), the color depth of each image was first 
converted to 8-bit before adjusting for background corrections by applying a 
high pass filter. As a additional preprocessing step to improve the 
identification of focal adhesions, the local contrast of each image was also 
enhanced using the CLAHE algorithm[149]. 
Segmentation of the FAs was then carried out using a modified ‘watershed’ 
algorithm[84]. Briefly, the pixels were sorted based on their intensities in 
descending order. Starting with the pixel with the highest intensity, successive 
pixels in the top 5% were assigned to new patches if they were not in contact 
with any existing patches. Otherwise pixels adjacent to existing patches or 
patches in contact were merged to form the enlarged patches as FAs. 
Focal adhesions area is calculated from the total number of pixels selected for 
each focal adhesion. Elongation is the ratio of major to minor axis of a fitted 
ellipse less 1. 
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3.2.5 Statistical analysis 
Statistical differences between different conditions in the data were analyzed 
by one way analysis of variance (ANOVA) and Tukey's HSD test for posthoc 
multiple comparison analysis. Asterisks indicate *p-value <0.05, **p- value 
<0.01, and ***p-value <0.001. All values are mean±standard error of mean 
(SEM) while error bars are SEM from independent experiments unless 
otherwise stated. 
3.3 Results and discussion 
3.3.1 Grating topography modulates focal adhesion elongation 
The effect of grating topography on focal adhesion (FA) area and elongation 
was investigated by analysing the expression of the focal adhesion protein 
paxillin in hMSC cultured on gratings of different widths ranging from 250 
nm to 10 µm (Figure 3.1). 
From the images showing the immunofluorescent-staining of paxillin, cells on 
1 µm and 10 µm gratings showed larger FA areas while cells on 250 nm 
gratings showed smaller FA areas when compared against cells on unpatterned 
PDMS. In addition, FA elongation in cells on the 1µm gratings also appeared 
to be higher than that in cells on the 2µm and 10µm gratings. This indicated 
that the FA areas and elongation were influenced by the grating widths. 
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2 µm, (D) 10 µm and (E) unpatterned PDMS substrates used in the focal 
adhesion quantification. (F-J) Images of human mesenchymal stem cells 
(hMSCs) immunofluorescently labeled for FA protein paxillin (green) and F-
actin (red) on the corresponding substrates. The white arrow represents the 
direction of grating axis. 
3.3.2 Identification of focal adhesions via image segmentation 
Figure 3.2 Image segmentation to identify focal adhesions. (A) hMSC 
immunofluorescence image labeled for paxillin (green) and F-actin (red). (B) 
Original image showing localization of paxillin in green channel and (C) 
filtered image after pre-processing. (D) Focal adhesions segmented after 
applying a modified ‘watershed’ algorithm. Scale bar represents 10 µm. 
In order to carry out further analysis, image segmentation was performed on 
the hMSC immunofluorescence images (Figure 3.2) to identify the focal 






of paxillin were pre-processed by enhancing the local contrast as well as 
correcting for uneven background. 
For image segmentation, a modified ‘watershed’ algorithm was used to 
separate the FAs from the background. Even though the outlines of the FAs 
were not very well defined and the intensity of pixels in each FA was uneven, 
this method has shown good accuracy and managed to identify a large 
proportion of the FAs based on the selection of bright pixels that are 
connected to one another to form patches (Section 3.2.4). 
3.3.3 Focal adhesion area and elongation are dependent on grating 
width 
To quantify and investigate the effect of gratings on FA formation, the FA 
area and elongation were compared as shown in Figure 3.3. The plot of mean 
hMSC FA area showed that the size of FAs was dependent on grating widths 
with FAs being significantly smaller on 250 nm gratings than those on 10 µm 
gratings (p-value < 0.001). Similarly, this dependence on grating widths was 
also observed for the shape of FAs. The plot of mean FA elongation showed 
that the FAs on gratings with widths smaller than or equal to 1 µm were 
significantly more elongated than FAs on wider gratings and unpatterned 
PDMS (p-value < 0.001). These results were consistent with previous 
observations that cells were able to sense the differences between micrometer 
and nanometer sized features, showing that nanosized gratings can alter the 
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area and elongation of hMSC mature FAs to a greater extent than unpatterned 
substrates. 
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Figure 3.3 Quantification of hMSC FA showing the mean of (A) area and  (B) 




2µm and 10µm. Unpatterned PDMS substrate was used as a control. Error 
bars denote standard error of mean. Asterisks indicate *p-value <0.05, **p- 
value <0.01, and ***p-value <0.001 
Furthermore, a more in-depth look at the distribution of hMSC FA area and 
elongation on the smallest 250 nm gratings and the widest 10 µm gratings also 
showed that they were markedly different (Figure 3.4). In the former, there 
was a higher proportion of FAs with area less than 0.7 µm2, whereas the 
proportion of FAs larger than 0.7 µm2 in the latter was higher in the latter. A 
similar observation was noted in the comparison of the FA elongation 
distributions. While the elongation of FAs on the nanosized gratings ranged 
from 0 to 5, the maximum elongation of FAs on the microsized gratings was 
limited to 3. A relatively higher proportion of the latter also had elongation of 
less than 1. Hence the distribution of these data suggested that extracellular 
topographical cues might be transduced into hMSCs through the spatial 
arrangement of the FAs. 
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Figure 3.4 Histogram showing the frequency distribution of (C) FAs versus 
FA area and (D) FAs versus FA elongation on 250 nm and 10 µm gratings. 
3.4 Conclusion 
In this chapter, the size and morphorlogy of FAs in hMSC was shown to be 
modulated by grating topography. In the quantitative analysis of FAs 
identified from immunofluorescence images of the FA protein paxillin, the 
area and elongation of FAs was found to be dependent on grating width. FAs 
on smaller gratings were found to be smaller but more elongated. In addition, 
the distributions of their area and elongation were also different as compared 
to that of FAs on larger gratings. As FAs mediate mechanotransduction, it 
follows that they could be a starting point in the regulation of downstream 
signals in response to topographical cues. 
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Chapter 4 Human mesenchymal stem cell basal membrane 
bending on gratings 
4.1 Introduction 
Cells sense and adapt to their surrounding environment by responding to 
biochemical and physical cues. These cell-substrate interactions lead to the 
regulation of downstream signaling pathways for different cellular functions, 
such as migration, proliferation and differentiation. 
Stem cells are defined as cells with the ability to undergo self-renewal and to 
differentiate into specialized cell types[15,16]. Mesenchymal stem cells 
(MSCs) are progenitor cells of adult connective tissues that can be derived 
from a variety of sources, such as the bone marrow[18], adipose tissue and 
peripheral blood. 
In the regulation of MSCs, a number of studies have shown that the fate of the 
cells can be influenced through manipulating their cell shape with artificial 
extracellular matrices [56].Using micropatterning technique to deposit ECM 
proteins onto a substrate, MSCs demonstrated a preference for the osteogenic 
lineage over the adipogenic lineage when induced to spread over a large area 
[8] or become more elongated [35]. The underlying mechanism for this 
regulation of differentiation via cell shape has been linked to the compressive 
load exerted on nucleus as a result of the mechanical coupling between the 
actin cytoskeleton and nucleus [150]. This actomyosin contractility mediated 
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the modulation of nuclear morphology and histone acetylation, which further 
led to altered gene expression profiles and differentiation programs [151]. 
During neuronal differentiation of hMSC on gratings, the cells elongate and 
align along the axis of the gratings [10]. As cell shape regulates stem cell 
differentiation and topography sensing is effected by conforming the sensing 
apparatus around surrounding structures [152], it is postulated that neuronal 
differentiation of hMSC on gratings is mediated by the change in cell shape 
and regulated by the bending of basal membrane into the groove space. 
Further, it is also hypothesized that the extent of this membrane bending is 
dependent on the width of the gratings and there exist a critical width above 
which membrane bending will occur unconditionally. 
In this chapter, the phenomenon of hMSC basal membrane bending into the 
grating groove was characterized by TEM imaging, followed by quantifying 
the angles at which the membrane dips below the level line at the supporting 
edge of the ridge. This membrane bending angle was shown to have a 
dependence on both the groove width and curvature of the supporting edge. 
Using principles modified from the standard beam bending theory, a 
membrane-bending model was developed to explain this phenomenon of 
membrane bending. This model can be used to predict if the basal membrane 
will bend into the grating groove given the grating width and curvature of the 
grating ridge. 
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4.2 Methods and materials 
4.2.1 Human mesenchymal stem cell culture 
Human mesenchymal stem cells (hMSCs) were cultured and expanded in 
MSCGM medium with serum (Lonza). Human MSCs used in experiments 
were from passage 6-9 and were seeded on gratings at a density of 5000 
cells/cm2. The hMSCs were cultured on the collagen I-coated Spurr resin 
gratings (Section 4.2.2) in basal medium for 7 days before fixing. 
4.2.2 Transmission electron microscopy sample preparation 
Grating substrates of width 350nm, 500nm, 1µm, 2µm and 10µm (height 
600nm or 800nm) were prepared by pouring Spurr resin onto PDMS grating 
mold and cured at 60°C till hardened. 
Samples with hMSCs cultured on gratings were pre-fixed for 2 hours in 2.5% 
glutaldehyde and 4% paraformaldehyde, followed by 2 hours post-fixation in 
1% osmium tetraoxide. After fixation, the samples were dehydrated in a 
graded ethanol series. Infiltration of Spurr’s resin was initiated with an 
ethanol/resin mixture in a 1:1 followed by 1:2 ratio. Finally the samples were 
embedded in resin (2 changes) and cured at 60°C till hardened. 
4.2.3 Transmission electron microscopy imaging 
To obtain the cross-sectional TEM of the samples, they were sectioned 
perpendicularly to the long edge of the rectangular block, which had been 
aligned with the gratng axis of the grating samples. To identify the region of 
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interest for further processing, the embedded samples were trimmed and cut 
into semi-thin (1 µm) sections. The samples were then sectioned to a thickness 
of 100nm using a diamond knife on a Leica Ultracut UCT microtome. The 
sample sections were under a JEOL 2200FS transmission electron microscope. 
4.2.4 Characterization of membrane bending 
Figure 4.1 Characterization of membrane bending over grating groove. For all 
sections of cell membrane that spanned the full width of a grating groove, the 
following measurements of the membrane were taken with respect to the 
adjacent ridges: grating groove width (L), maximum membrane deflection (d), 
membrane-bending angle (θm) and substrate bending angle (θs). 
The extent of membrane bending was characterized by analyzing the TEM 
images (with magnification of at least 1000x) showing the cross-sectional 
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profile of hMSC on gratings and measuring the dimensions of the cell 
membrane deflection within the grating grooves (Figure 4.1). 
The procedure of characterization was divided into the following steps: 
1. A straight line was drawn between the points where the cell membrane 
first came into contact with the top surface of adjacent grating ridges 
(Point A and B). This zero-deflection line represents the initial position 
of the membrane before deflection and its length, denoted by L, is the 
grating groove width. 
2. The maximum membrane deflection, denoted by d, is the distance 
from the zero-deflection line to the lowest point of the membrane. 
3. In the bent state, the angle bounded by the zero-deflection line and the 
tangent to the membrane at point A and B was measured to be the 
membrane-bending angle (θm). 
4. Similarly, the angle bounded by the zero-deflection line and the 
tangent to the top surface of the grating ridge at point A and B was 
measured as the substrate bending angle (θs). 
The measurement of L, d, θm and θs were performed for all sections of the cell 
membrane that spanned the full width of a grating groove. 
4.2.5 Statistical analysis 
All data were analyzed by one-way analysis of variance (ANOVA) and 
Tukey's HSD test for posthoc multiple comparison analysis. Asterisks indicate 
*p-value <0.05, **p- value <0.01, and ***p-value <0.001. All values are 
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mean±standard error of mean (SEM) while error bars are SEM from 
independent experiments unless otherwise stated. 
4.3 Results and discussion 
4.3.1 TEM of cells at various dimensions showing membrane of hMSC 
bends into grating groove 
Figure 4.2 TEM images showing cross-section profile of hMSC with 
membrane bending on gratings. The widths of the grating groove are as 
follows: a) 350nm, b) 500nm, c) 2µm and d) 10µm. The sections of cell 
membrane spanning the grating groove invaded into the groove spaces (red 
arrows). Membrane bending was more extensive on larger gratings (eg. 2µm, 
10µm) as compared to smaller gratings (eg. 350nm). 
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Human MSCs were seeded and cultured on gratings with different groove 
widths of 350nm, 500nm, 1µm, 2µm and 10µm. At the end of 7 days, the 
samples were fixed, embedded in Spurr resin and sectioned at the cross-
sectional plane of the gratings for viewing by TEM. From the TEM images 
showing the cross-sectional profile, we observed that the hMSCs had adhered 
onto the substrate and the sections of cell basal membrane spanning the 
grooves between gratings had invaded into the groove spaces (Figure 4.2, red 
arrows). While this membrane-bending phenomenon was observed for all 
widths, it was more extensive on the wider gratings. On the smallest 350nm 
gratings, membrane bending was slight or non-existent (Figure 4.2a). On the 
other hand, membrane bending on the larger 2µm and 10µm gratings was 
much more significant to such an extent the entire groove space was filled up 
by the cell (Figure 4.2c, d). It was also noteworthy that, at any given width, 
there was no observable difference between the extent of membrane bending 
in the cell periphery region and the region under the nucleus. 
Even though the above observations suggest membrane bending being 
modulated by grating width such that wider grooves lead to more bending, it is 
possible that the curvature at the edge of the grating ridge may also affect the 
extent of bending as membrane bending was still present over some grooves 
on the smaller 350nm and 500nm gratings. It would be interesting to 
determine if there exist a threshold value for grating groove width above 
which membrane bending would unconditionally occur as well as the 
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relationship between membrane bending, groove width and ridge edge 
curvature. 
In the study of membrane bending on gratings, we have adopted a novel 
approach of viewing the sample cross-sectional profile directly using TEM. 
While it was straightforward to carry out sample preparation (cell fixing, 
dehydration and resin embedding) based on standard protocols [153], the 
major technical challenge lies in the selection of a suitable material for the 
substrate. During the sectioning process to cut the hardened resin block into 
thin slices, if the substrate material stiffness is not matched to the embedding 
resin, the slices will tear and separate at the interface. After trials with 
different materials, we have succeeded in overcoming this problem by using 
Spurr resin as the grating substrate as well as for embedding. In the process, 
we also substituted propylene oxide with ethanol in the standard protocol as 
propylene oxide reacts with and dissolves the resin substrate. As propylene 
oxide functions as the dehydrating agent to facilitate the infiltration of the 
resin, one possible artifact that might result from such a substitution is the 
reduced hardness of the resin block due to incomplete removal of ethanol 
[154]. As an alternative, propylene oxide could also be substituted with 
acetone, whose resultant effect on block hardness is comparatively less than 
that of ethanol. 
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4.3.2 Membrane deflection is dependent on membrane bending angle 
and grating groove width 
Figure 4.3 Plot of normalised maximum deflection ratio (d/L) versus grating 
groove width (L) for widths of 350nm, 500nm, 1µm, 2µm and 10µm. The data 
is segregated by the membrane bending angle (θm) into the following four 
subgroups: (i) θm<=10° (blue), (ii) 10°<θm<=20° (red), (iii) 20°<θm<=30° 
(green) and (iv) 30°<θm (magenta). There is an apparent trend among the 
subgroups such that subgroups with larger θm exhibited larger degree of 
membrane deflections. At the same time, there was also an apparent trend 
towards more membrane deflection as the width of the gratings increased 
within each subgroup. 
The phenomenon of membrane bending into the grating grooves was further 
analysed by characterization of the bending profile for sections of the 
membrane that spanned over individual grating groove. Based on data 
collected from gratings with groove widths of 350nm, 500nm, 1µm, 2µm and 
10µm, a graph of normalised maximum deflection ratio (d/L) versus grating 
groove width (L) was plotted as shown in Figure 4.3. In this figure, each dot 















maximum membrane deflection (d) of a segment of membrane spanning a 
groove, as described in Section 4.2.4. In this case, although either d or d/L 
could be used as a matter of convenience, the latter was chosen as a non-
dimensionalised quantity to facilitate comparison with the membrane-bending 
model derived in Section 4.3.3. The data was further divided into the 
following subgroups according to the membrane bending angle (θm): i) less 
than 10° (blue), ii) between 10° and 20° (red), iii) between 20° and 30° (green) 
and iv) more than 30° (magenta). For each section of membrane that spanned 
a grating groove, this procedure resulted in a data point that was indicative of 
the degree of membrane deflection into the groove. 
The resulting plot showed apparent clustering effects among the subgroups 
such that subgroups with larger θm exhibited larger degree of membrane 
deflections. For instance,  d/L = 0 for almost all cases with θm ≤ 10° (blue) 
while 0.1 < d/L < 0.35 for cases with 30° < θm (magenta). This relationship 
could be easily explained by the fact the maximum membrane deflection is a 
direct consequence of the membrane bending angle – the steeper the 
membrane dips into the groove space at both ends of its support, the deeper 
the membrane extends into the groove at its lowest point. 
At the same time, there was also an apparent trend towards more membrane 
deflection as the width of the gratings increased within each subgroup. This 
can be clearly seen for the subgroup with θm ≤ 10° (blue) in which there was 
little or no membrane deflection (d/L ≈ 0) when L < 1500nm and membrane 
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deflections that were as large as 10% of the groove width in magnitude (d/L ≈ 
0.1) when L > 3000nm. Even though the membrane bending angle θm for these 
cases were similar, a wider groove allowed the lowest point of the membrane 
to reach deeper into the groove space. Hence membrane deflection is 
dependent on both membrane bending angle and the grating groove width. 
4.3.3 Mathematical model of membrane bending 
Figure 4.4 Membrane bending model modified from beam bending theory. A 
section of the membrane spanning the grating groove of length L is 
represented as a linear elastic beam with both ends (A and B) freely supported 
by the adjacent grating ridges. The beam bends under a uniformly distributed 
load q (blue line) and the tangents to the membrane at point A and B make 
angles θA and θB respectively with horizontal line AB. The vertical 
displacement of any point x along the beam is denoted by v and is maximum 
when x = L/2 and θA = θB. 
In order to understand this membrane bending phenomenon and the effects of 
grating groove width and membrane-bending angle, we have developed a 
membrane-bending model, which was modified from the standard beam 
bending theory. In this model, a section of the membrane spanning the grating 
groove of length L is represented as a linear elastic beam with both ends (A 
and B) freely supported by the adjacent grating ridges (Figure 4.4). As 
indicated by the blue line, it bends into the grating groove space under a 
uniformly distributed load q that represents the intracellular pressure within 
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the cell. The extent of membrane bending is a result of the balance of forces 
due to this pressure and the bending rigidity of the membrane. If the tangents 
to the membrane at point A and B make angles θA and θB respectively with 
horizontal line AB (initial position of the membrane with no deflection), the 
vertical displacement of any point x (along the beam with reference to point 
A) from this line is given by 
  ( 4.1 ) 
where q is the intensity of a uniformly distributed load and EI is the flexural 
rigidity of the beam. In this case, the flexural rigidity of a beam, defined as the 
force couple required to bend a non-rigid structure to a unit curvature, is an 
indication of its resistance to bending and analogous to the bending modulus 
of the membrane. 
When , the maximum deflection of the beam occurs at , 
where the normalised maximum deflection is given by 
  ( 4.2 ) 
The details for the derivation of the above model are given in the 
Supplementary Information. 
4.3.4 Validation of membrane-bending model against experimental data 
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experimental data and membrane-bending model over the following range of 
grating groove width (L) in nm: (A) 0<L<=1000, (B) 1000<L<=2500 and (C) 
L>2500. The corresponding values of L used in the model are 500nm, 1750nm 
and 3000nm respectively. Within each range of L (A-C) in the experimental 
data, the mean d/L is plotted for the following four subgroups of membrane 
bending angle (θm): (i) θm<=10° (blue), (ii) 10°<θm<=20° (red), (iii) 
20°<θm<=30° (green) and (iv) 30°<θm (magenta). The corresponding values of 
θm used in the model are 5°(blue), 15°(red), 25°(green) and 35°(magenta) 
respectively. Error bars denote standard error of mean. Asterisks indicate *p-
value<0.05, **p-value<0.01, and ***p-value<0.001 
The membrane-bending model was validated by comparing the d/L 
(normalised maximum deflection) predicted from Equation ( 4.2 ) with that 
derived from the experimental data in Section 4.3.2 as shown in Figure 4.5. 
Corresponding to the observed clusters based on grating groove width (L), the 
data was divided into three subsets with the following range of L in nm: i) 
0<L<=1000, ii) 1000<L<=2500 and iii) L>2500. The corresponding values of 
L used in the model were 500nm, 1750nm and 2500nm respectively. Within 
each subset (Figure 4.5A-C), the mean experimental d/L was calculated for 
each of the following four subgroups of membrane bending angle (θm) as 
described in Section 4.3.2: (i) θm<=10° (blue), (ii) 10°<θm<=20° (red), (iii) 
20°<θm<=30° (green) and (iv) 30°<θm (magenta). The corresponding values of 
θm used in the model were 5°, 15°, 25° and 35° respectively. 
In the calculation of the predicted d/L, the values of load intensity q and 
flexural rigidity EI were estimated from known mechanical properties of 
living cells. As the source of the membrane bending derived from the 
intracellular pressure, which assumed a range of values depending on the cell 
type and its physiological state, the value of q was calculated to be 0.01 N/m, 
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assuming a uniform distribution of 50 Pa of intracellular pressure [155] over 
an elongated cell 200 µm in length. On the other hand, the value of EI can be 
obtained by considering the energy required in bending the membrane into 
unit curvature, which is 1.4 × 10-15 J in this case for a lipid bilayer with a 
bending modulus of 7 × 10-18 J [156]. Assuming this was the strain energy 
stored in a deflected beam under uniform load as given by , where 
L=2 µm is the beam length, the value of EI was calculated to be 9.5 × 10-21 
Nm2. 
As shown in Figure 4.5, the d/L predicted by the model exhibited a similar 
trend as the mean d/L calculated from the experimental data. In each of the 
three subsets with different ranges of L (Figure 4.5 A-C), the normalised 
maximum membrane deflection d/L increased with a larger membrane 
bending angle θm. In the first subset (L≤1000nm) (Figure 4.5A), there was 
negligible membrane deflection (d/L<0.01) in the subgroup where θm≤10°. For 
every subsequent subgroups, a progressive 10° increase in θm resulted in a 
significant increase in membrane deflection as compared to that in the first 
subgroup (p-value<0.001). In the next subset (1000nm<L≤2500nm) (Figure 
4.5B), a similar pattern of higher membrane deflection was also observed 
when comparing subgroups with θm>10° against the first subgroup with 
θm≤10° (p-value<0.001). In the last subset (L>2500nm) (Figure 4.5C), 
however, the differences in mean d/L among the subgroups with different θm 





(p-value <0.001) due to its small sample size. In addition, there was 
insufficient data available in this subset such that the subgroup with θm>30° 
was not plotted. 
For all the three subsets, the corresponding d/L predicted by the model also 
showed the same increasing trend as θm increased. As shown in Equation ( 4.2 
), the normalised maximum deflection d/L is directly proportional to both L3 
and θm, which suggested that the extent of membrane deflection is dependent 
on both groove width and membrane-bending angle but influenced to a greater 
degree by the latter as L<<1. This dependency was reflected in large 
difference in predicted d/L between the subgroups with different ranges of θm 
as well as its similarity between subsets with different ranges of L. 
The above membrane-bending model was derived from the standard beam 
bending theory, which assumed isotropic linear elastic beam material and 
small beam deflection. It did not account for the non-linear elasticity in 
biological membrane and the relatively large deflection observed in the 
current dataset. In its current form as a simplified linear system, the model was 
validated when it predicted d/L that mirrored the trends observed in the 
experimental data and provided insights into the factors that influenced the 
passive process of membrane bending on gratings due to intracellular pressure. 
In order to improve the accuracy of the model in matching the experimental 
data, it could be revised to include the effects from other higher order 
dependencies. In addition, given that the experimental work was carried out 
over a period of 7 days, the cell membrane can be considered sufficiently stiff 
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to justify the use of this model as viscoelastic timescale of the membrane is 
much shorter in the order of tens of microseconds [157]. Even if the whole cell 
is taken into consideration, its viscoelastic timescale is only in the range of 
one [158] to few tens of seconds, depending on the cell type and cytoskeletal 
structure [159], as well as the rate of application of mechanical load [160]. 
4.3.5 Membrane bending angle is dependent on substrate bending angle 
Figure 4.6 Plot of membrane bending angle (θm) versus substrate bending 
angle (θs). For θs < 45°, there was a clear trend showing θm increasing almost 
linearly with θs, in which the equation and goodness-of-fit of the best-fit linear 
regression line were given by θm = 0.87θs – 5.07 and R2 = 0.83 respectively. 
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that the effect of grating ridge curvature on membrane bending was mediated 
by the membrane-bending angle θs. 
As the hMSC cell membrane was supported by the gratings at both ends, we 
further probed the possibility that the curvature at the top edge of the gratings 
might affect the extent of membrane bending by investigating the relationship 
between the membrane bending angle (θm) and the substrate bending angle (θs) 
obtained from the experimental data. In this case, the data was subdivided into 
intervals of 5° based on θs and the mean of θm was plotted against the mean of 
θs for each interval. In order to avoid bias in the result due to small sample 
size, only intervals with more than 5 data points were considered. 
As shown in Figure 4.6, there exist a threshold value at θs ≈ 45°, at which the 
dependency of θm on θs changed. For θs < 45°, a clear trend showed that θm 
increased almost linearly with θs. The equation and goodness-of-fit of the best-
fit linear regression line were given by θm = 0.87θs – 5.07 and R2 = 0.83 
respectively. On the other hand, θm was close to 0° for θs > 45°. This 
observation can be explained by considering the balance of two forces – the 
adhesion force between the membrane and grating substrate, as well as the 
restoring force due to membrane bending energy. In the regime where θs < 
45°, the distance between the membrane and the substrate was close enough 
such that the adhesion force was able to overcome the restoring force, leading 
to membrane bending. In the other regime where θs > 45°, the substrate is not 
in close proximity to the membrane to provide sufficient adhesion force to 
overcome the restoring force. As a result, the membrane remains unchanged in 
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its initial non-deflected state. Hence this correlation suggested that, when the 
curvature at the top edge of the grating ridge was small with θs < 45°, θm is 
highly dependent on θs and the effect of grating ridge curvature on membrane 
bending was mediated by the membrane-bending angle. 
4.3.6 Membrane-bending model predicts membrane deflection regime 
Figure 4.7  Phase diagram showing the regime of grating groove width L and 
substrate bending angle θs in which membrane deflection occurs. Non-shaded 
areas indicate bending and shaded areas indicate no bending. The threshold 
value of groove width for which membrane bending occurs is dependent on θs 
(black line). When θs = 0°, this threshold is approximately 1.9µm. As θs 
increases to 5o, the threshold value reduces to 0µm. When θs > 45°, this 
threshold undergoes a step change back to 1.9µm. 
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Bending No	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By incorporating the relation between θm and θs from Section 0 into the 
membrane-bending model (Equation ( 4.2 )), the regime of grating groove 
width L and substrate bending angle θs in which membrane deflection occurs 
was computed. In this case, it was assumed that θm = θs when θs < 45° and θs = 
0 when θs > 45°. In addition, the membrane was considered to be deflected if 
d/L > 0.02. As shown in the phase diagram (Figure 4.7), the model predicts 
that the threshold value of groove width for membrane bending is dependent 
on θs (black line). At θs = 0°, as in the ideal case of rectangular gratings with 
well-defined ridges, the membrane is sufficiently supported by the substrate to 
avoid bending and the threshold is approximately 1.9µm. As the curvature at 
the top edge of the ridges increases, the adhesion force between the membrane 
and the substrate causes the membrane to deflect downwards and bending to 
occur. Therefore, this threshold value reduces sharply to reach 0µm at θs = 5o, 
suggesting that membrane bending could occur on all gratings as long as the 
ridge curvature is sufficiently large. When θs > 45°, the membrane bending 
energy becomes high enough to overcome the attraction between the 
membrane and substrate, and the membrane is restored to its original non-
bended configuration. As a result, there is a step change in the value of the 
threshold back to 1.9µm for this region. This threshold value of ≈2µm in the 
size of gratings for membrane bending is an indication the overall bending 
rigidity may be influenced by the cross-linked actin filaments in the cortical 
cytoskeleton given that the persistence length of the actin filament is in the 
order of 10µm [116,161]. Hence this model highlights the influence of gap 
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width and curvature and predicts the conditions required for membrane 
deflection. 
4.4 Conclusion 
In this chapter, hMSC basal membrane was shown to bend into the grooves of 
gratings with different widths. Based on data obtained from quantification of 
the membrane bending profile, this phenomenon was found to depend on both 
the groove width and the membrane bending angle. By considering the 
membrane as a simple beam, a model was then developed to explain this 
phenomenon of membrane bending. It was verified to be accurate in modeling 
the trends of increasing membrane deflection with larger membrane bending 
angle. This model can also predict if the basal membrane will bend into the 
grating groove for any given grating width and ridge curvature. In this case, 
membrane bending is predicted to occur on all gratings larger than 1.9µm as 
well as on gratings smaller than 1.9µm provided that the ridge curvature is 
between 5o and 45o. 
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Chapter 5 Anisotropic rigidity sensing on grating topography 
directs human mesenchymal stem cell elongation 
5.1 Introduction 
Cells interact with their surrounding extracellular matrix (ECM) by 
responding to physical and biochemical stimuli. While the ligand–receptor 
interactions that mediate biochemical cues are extensively studied and well 
known[162,163], the underlying mechanism for the sensing of physical cues is 
still an area of active research. 
Recent studies on the effects of physical cues on cellular responses have 
focused on topography and rigidity of the substrate. Different types of 
topographical structures, such as gratings (alternating lines of grooves and 
ridges) [69,148,164], pillars [165–167] and wells [168], have been 
investigated. Among them, only anisotropic structures (eg. gratings) have been 
shown to induce cell elongation and alignment. On arrays of elliptical pillars 
with anisotropic rigidity, cell clusters were also observed to exhibit similar 
behavior [165]. These findings suggest that anisotropy of substrate rigidity is a 
necessary condition for the induction of cell elongation and alignment. 
Even though the influence of grating geometry (height and width) [169–172] 
and substrate rigidity [13,165] on cell elongation and alignment has been 
reported for different cell types, the effect of anisotropic substrate rigidity has 
only been linked to an anisotropy in actomyosin-dependent cortical tension 
recently [173]. 
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Human mesenchymal stem cells (hMSCs) are capable of differentiating into 
multiple mesenchymal lineages such as osteoblasts, myoblasts and 
adipocytes[8,35,36]. Their lineage specifications have been found to be 
controlled by physical cues, such as substrate rigidity, geometric constraints 
and topography. Specifically, substrate rigidity have been shown to regulate 
MSC differentiation into neurons, myoblasts and osteoblasts[3]. The 
deposition of ECM proteins in the form of adhesive islands is also capable of 
influencing key cellular processes, such as differentiation[8,174] and 
apoptosis[175] by constraining cell shapes. Furthermore, topographical cues in 
the form of nanogratings have been demonstrated to induce neuronal 
differentiation of hMSCs while undergoing cell elongation and alignment 
along the grating axis[10]. While the above result reinforce the idea that the 
change in cell shape of the elongated cells may be responsible for hMSC 
lineage specification, the physical grating parameters that control the sensing 
mechanism of the cells remain elusive. 
In this chapter, a combination of experiments and mathematical modeling was 
used to understand, from a mechanistic perspective, how cell elongation and 
alignment on gratings depends on anisotropic rigidity sensing. The elongation 
of hMSC on gratings was first compared against that on line patterns. Next, 
the elongation and alignment of hMSC on gratings with varying rigidity and 
aspect ratio (cross-sectional height to line-width) were measured. Based on the 
experimental results, the proposed hypothesis suggests that hMSCs sense the 
anisotropic rigidity of the gratings and respond by elongating in the stiffer 
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direction along the gratings. A mathematical model was developed by 
representing individual grating as beam elements that deflect, tilt or shear 
when a force is applied to one of the ends. The relationship between cell 
elongation and grating aspect ratio as predicted by this model was 
subsequently validated by measurements of cell elongation on gratings with 
high aspect ratios and substrates with different rigidities. 
5.2 Methods and materials 
5.2.1 Preparation of grating and fibronectin line pattern samples 
Gratings were replicated on poly(dimethylsiloxane) (PDMS, Sylgard 184, 
Dow Corning, Midland, MI) by soft lithography using a prepatterned master 
silicon dioxide grating mold fabricated by photo-lithography. PDMS gratings 
of various rigidities were fabricated by varying the ratio of PDMS curing 
reagent. Two ratios, 1:10 and 1:15, were used in this study. The former was 
used as the default unless otherwise stated. Using the PDMS (1:10) gratings as 
template, the pattern was transferred onto tissue-cultured polystyrene (TCPS) 
by heat embossing. Briefly, a piece of flat TCPS was heated to 150°C on a 
hotplate and pressed with the PDMS gratings for 3 minutes. Subsequently, the 
PDMS was removed after cooling to room temperature. To improve cell 
adhesion, the top surface of TCPS gratings was coated with fibronectin before 
use, while PDMS gratings remained uncoated. 
Line pattern samples were prepared using microcontact printing [176].  
Different from the uniformly coated samples as described above and also in 
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Chapters 3 and 4, regions between the lines were required to be passivated by 
surfactant to prevent protein-adsorption.  PDMS gratings samples were 
incubated with 20% rhodamine-labeled fibronectin (50 µg/ml, Cytoskeleton, 
Denver, CO) and 80% fibronectin (1 mg/ml, Biological Industries, Kibbutz 
Beit Haemek, Israel) for 40 minutes, after which whose surface was dried with 
a stream of N2 gas. It was then brought into contact with flat TCPS for 30 
seconds to transfer the fibronectin line patterns via adsorption. In the final 
step, the uncoated regions in both TCPS gratings and line pattern samples 
were passivated by incubating with 0.1% Pluronics F127 (Sigma, St. Louis, 
MO) for 1 hour. A list of all samples used in this study, together with their 
rigidity and grating/line dimension is shown in Table 5.1. 
5.2.2 Fabrication of gratings and line patterns 
Grating pattern was first reproduced on poly(dimethylsiloxane) (PDMS, Dow 
Corning) by soft lithography using a pre-patterned master SiO2 grating mold. 
The gratings were then reproduced on tissue cultured polystyrene (TCPS) 
using the heat embossing technique. Essentially a PDMS mold with gratings 
was pressed onto flat TCPS, which was heated to 150 oC on a hotplate. After 3 
minutes, without removing the PDMS mold, the TCPS was brought down to 
room temperature. Subsequently the PDMS mold was lifted from the TCPS to 
reveal the embossed gratings. The grating substrate was coated with 
fibronectin at a concentration of 50 µg/ml before cell seeding to increase cell 
adhesion. 
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Line pattern substrates were prepared using micro-contact printing. A PDMS 
mold with gratings was coated with 20% rhodamin-labeled fibronectin at a 
concentration of 50 µg/ml for 40 minutes, after which whose surface was dried 
by a stream of N2 gas. It was then brought into contact with flat TCPS for 30 
seconds to transfer the fibronectin line patterns via adsorption. In the final 
step, line pattern samples were coated with Pluronics F127 (Sigma) for 1 hour 
to fill the empty space between line patterns. 
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Table 5.1 List of samples used in study 
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5.2.3 Human mesenchymal stem cell culture 
Human mesenchymal stem cells (PoieticsTM hMSC, Lonza, Basel, 
Switzerland) were cultured in Mesenchymal Stem Cell Growth Medium 
(MSCGM, Lonza). Cells from passages 6–9 were seeded on substrates at a 
density of 2×103 cell/cm2. The hMSCs were fixed and imaged 24 hours after 
seeding. 
5.2.4 Scanning electron microscopy 
To check the fidelity of replication, the gratings were sputter-coated with 
11nm-thick platinum (JFC 1600 Auto Fine Coater, JEOL, Tokyo, Japan) and 
imaged with field emission scanning electron microscopy (SEM) (JEOL) or 
filamentous SEM (6010 LV, JEOL). Accelerating voltages were limited to 5 
and 10 kV for PDMS and TCPS, respectively, to minimize surface damage. 
5.2.5 Mechanical characterization of PDMS with different curing ratios 
The Young’s modulus of PDMS at different crosslinker to prepolymer weight 
ratio (1:10, 1:13, 1:15, 1:20) was determined using an Instron testing machine 
(Model 3345, Instron, Norwood, MA). The gauge length was set at 10 mm, 
and the samples were tested at a speed of 5 mm/min. Briefly, PDMS sheets of 
50 mm in length and 20 mm in width were clamped and deformed with a 
1,000 N load cell for the 1:10 and 1:13 PDMS samples and 100N load cell for 
the 1:15 and 1:20 PDMS samples. The thickness of the samples were 
measured at three different points along the length of the PDMS sample with a 
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micrometer screwgauge and averaged. The Young’s modulus was obtained 
from the slope of the plot of stress versus strain in the linear region. The 
Young’s modulus for each ratio was calculated as the average measurements 
from 5 independent samples. 
5.2.6 Fluorescence staining of F-actin and nucleus 
Samples were fluorescent-stained for F-actin with Oregon Green 488 
Phalloidin (Molecular Probes, Invitrogen, Carlsbad, CA) after fixing in 4% 
paraformaldehyde (PFA, Sigma-Aldrich, St. Louis, MO) and permeabilized 
with 0.1% Triton X-100 (Biorad, Hercules, CA) for 15 minutes each. The 
nucleus was stained with 4’,6-diamidino-2-phenylindole (DAPI, Molecular 
Probes, Invitrogen). In between each step, cells were washed twice with 
phosphate-buffered saline (PBS, 1st BASE, Singapore). 
5.2.7 Immunofluorescence staining of focal adhesions 
Samples were stained according to the standard immunofluorescence protocol: 
Cells were fixed in 4% PFA, permeabilized with 0.1% Triton X-100 and 
blocked with 1% bovine serum albumin (BSA, VWR, Radnor, PA) and 10% 
goat serum (Gibco, Invitrogen) in PBS. Incubation of primary and secondary 
antibodies was done overnight in 4°C and for 1 hour at room temperature, 
respectively. The primary antibodies used were mouse anti-human vinculin 
(1:400, V9131, Sigma). The secondary antibodies used were goat anti-mouse 
IgG Alexa-Fluor 647 (1:750, Invitrogen). In between each step, cells were 
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washed twice with PBS. The samples were subsequently imaged using 
confocal microscope (TCS SP5, Leica, Wetzlar, Germany). 
5.2.8 Cell elongation and alignment quantification 
Fluorescence images were preprocessed in ImageJ (Rasband, W.S., ImageJ, U. 
S. National Institutes of Health, Bethesda, Maryland, USA, 
http://imagej.nih.gov/ij/, 1997-2012). Background subtraction was applied 
with a rolling ball radius of 50 pixels to reduce uneven sample illumination, 
and local contrast was adjusted such as the percentage of saturated pixels was 
set to be 0.4%. For each cell, the elongation and alignment with respect to the 
grating axis are measured by stretching an equimomental ellipse until the error 
in the areas of the ellipse and the cell is minimized. Cell elongation is defined 
as the ratio of the major to minor axis of the fitted ellipse less 1. Alignment is 
defined for cells with elongation greater than 4 as the angle between the major 
axis and the grating axis. Cells with alignment angle less than 15° are deemed 
aligned. 
5.2.9 Statistical analysis 
All data were analyzed by one way analysis of variance (ANOVA) and 
Tukey's HSD test for posthoc multiple comparison analysis. Asterisks indicate 
*p-value <0.05, **p- value <0.01, and ***p-value <0.001. All values are 
mean±standard error of mean (SEM) while error bars are SEM from 
independent experiments unless otherwise stated. 
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5.3 Results and discussion 
5.3.1 Cell elongation and alignment are higher on smaller and stiffer 
PDMS gratings 
Figure 5.1 PDMS Young's modulus as a function of crosslinker to prepolymer 
ratio. 
hMSCs were cultured on PDMS gratings to study the effect of grating width 
and substrate rigidity on cell elongation and alignment. The ratio of PDMS 
crosslinker to prepolymer was adjusted to vary the rigidity of the gratings. As 
it was decreased from 1:10 to 1:20, the Young’s modulus E of the substrate 
decreased from 1.43±0.26 to 0.07±0.02 MPa (Figure 5.1). 
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Figure 5.2 SEM images showing PDMS stiff gratings (E = 1.43 MPa) of 
widths 1 µm, 2 µm and 10 µm with the same height of 350 nm. Grating ridges 
are shown in a lighter shade as compared to grooves. Scale bar represents (i) 2 
µm and (ii and iii) 10 µm. 
Since PDMS with a ratio of 1:10 is the manufacturer’s recommendation and 
that with a ratio of 1:20 is slightly “sticky” due to a high proportion of 
uncrosslinked polymer, there is a need to strike a balance between ease of 
handling and maximizing the differences in rigidity. Hence, a set of stiff 
gratings with a ratio of 1:10 (E = 1.43 MPa) and a set of compliant gratings 
with a ratio of 1:15 (E = 0.18 MPa) were chosen for the study. Each set 
included gratings with width of 1 µm, 2 µm and 10 µm. All gratings had a 
constant height of 350 nm. 
In Figure 5.2, SEM images of the stiff gratings show that the gratings features 
were replicated with good fidelity. The ECM protein fibronectin adsorbed 
onto the PDMS gratings from the serum-containing medium was sufficient to 
support cell attachment. At the end of 24 hours after cell seeding, the hMSCs 
adhered to the substrate and elongated along the grating axis (Figure 5.3). 
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Figure 5.3 Fluorescence micrographs with phalloidin staining show hMSCs 
elongate and align in the direction of (i) 1 µm, (ii) 2 µm and (iii) 10 µm stiff 
gratings. White arrow indicates direction of grating axis. Scale bar represents 
50 µm. 
 The cell shape was analysed by measuring the elongation and alignment with 
respect to the grating axis. The mean cell elongation (e) on both the stiff and 
compliant gratings decreases monotonically with values of as the grating 
width is increased(Figure 5.4). The corresponding values were 7.74 ± 1.16, 
6.78 ± 1.29 and 6.1 ± 1.48 on stiff gratings and 6.47±0.31, 5.97±0.9 and 
4.23±0.91 on compliant gratings for widths of 1 µm, 2 µm and 10 µm 
respectively. This result is as expected because the extent of elongation has 
been shown to be greater on smaller gratings[10]. Furthermore, the mean cell 
elongation on each grating width is also consistently lower on the compliant 
gratings compared to the stiff gratings, which corroborate with previously 
reported results[177]. In comparison, the mean cell elongation on stiff and 
compliant unpatterned controls was the lowest, with no significant difference 
from each other. 
Besides cell elongation, the cell alignment with respect to the grating axis at 
different grating widths was also quantified. In Figure 5.4, the percentage of 
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aligned cells was found to follow a similar trend as the mean cell elongation. 
For stiff gratings of widths 1 µm, 2 µm and 10 µm, the percentages were 
79.55±3.21 %, 72.64±12.45 % and 51.34±5.07% respectively, while the 
corresponding values for compliant gratings were 76.92 ± 2.72 %, 57.72 ± 
2.75 % and 38.8 ± 4.05 %. These results clearly showed that cell elongation 
and alignment are dependent on both grating width and substrate rigidity. 
Figure 5.4 The mean cell elongation and percentage of aligned cells on stiff 
and compliant gratings of width 1 µm, 2µm and 10 µm with constant 350 nm 
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height. Error bars denote standard error of mean. Asterisks indicate *p-value 
<0.05, **p- value <0.01, and ***p-value <0.001 
5.3.2 Cell elongation and alignment both increase with increasing 
PDMS grating aspect ratio 
The effect of grating aspect ratio on cell elongation and alignment was next 
investigated. The aspect ratio is defined as the ratio of the grating height to 
grating width. In section 5.3.1, the aspect ratio of the gratings varied from 
0.035 (350 nm/10 µm) to 0.35(350 nm/1 µm). Here, gratings with the 
theoretical aspect ratio of unity for each of the gratings of width 1 µm, 2 µm 
and 10 µm were used (The rigidity of this set of gratings is kept constant at 
1.43 MPa, which is the Young’s modulus measured for PDMS with the 
commonly used curing ratio of 1:10). 
Figure 5.5 SEM images showing cross-section profiles of PDMS gratings with 
unity aspect ratio and width of (i) 1 µm, (ii) 2 µm and (iii) 10 µm. Scale bar 
represents (i and ii) 5 µm and (iii) 10 µm. 
Figure 5.5 shows the SEM images of the cross-section of this set of PDMS 
gratings. However, due to the high PDMS surface tension preventing complete 
filling of the grooves, as well as imperfections of the master mold features, the 
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corners of the gratings were rounded, resulting in the aspect ratios deviating 
from unity. The actual aspect ratios measured were 0.6 ± 0.02, 1.04 ± 0.06 and 
0.77 ± 0.02 for grating widths of 1 µm, 2 µm and 10 µm, respectively. 
Figure 5.6 Fluorescence micrographs with phalloidin stain show hMSCs 
elongate and align in the direction of (i) 1 µm, (ii) 2 µm and (iii) 10 µm 
gratings with unity aspect ratio. White arrow indicates direction of gratings. 
Scale bar represents 50 µm. 
The morphology of hMSC cultured on these gratings with aspect ratio close to 
unity is given in Figure 5.6, and the corresponding mean cell elongation is 
shown in Figure 5.7. Compared to gratings with constant 350 nm height in 
Section 5.3.1, this set of gratings induced significantly higher cell elongation 
for every corresponding width. The mean cell elongations for gratings of 
width 1 µm, 2 µm and 10µm, and near unity aspect ratio are 10.12±1.08, 
13.98±0.4 and 12.9±0.95, respectively. For this set of gratings, the 2 µm 
gratings with the highest measured aspect ratio (1.04) induced the most cell 
elongation. Interestingly, cell elongation on the 10µm gratings was higher than 
that on 1 µm gratings even though the latter induced the most cell elongation 
in Section 5.3.1. This was not unexpected as the aspect ratio of the 1µm 
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gratings with constant height was the highest (0.35) among the gratings in the 
group (0.175 for 2 µm gratings, 0.035 for 10 µm gratings). 
Likewise, the same trend was observed for the percentage of aligned cells as 
shown in Figure 5.7.  The percentage of aligned cells on gratings with widths 
of 1 µm, 2 µm and 10 µm, and near unity aspect ratios are 88.64±5.66%, 
98.91±0.13% and 100.0±0.0%, respectively. Therefore, the above results 
suggested that cell elongation and alignment are in fact dependent on grating 
aspect ratio, instead of just grating width alone. 
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Figure 5.7 The mean cell elongation and percentage of aligned cells on 
gratings of width 1 µm, 2µm and 10 µm with constant height and unity aspect 
ratio. Error bars denote standard error of mean. Asterisks indicate *p-value 
<0.05, **p- value <0.01, and ***p-value <0.001. 
5.3.3 Cell elongation on line patterns on flat substrates is independent of 
line-width 
To further investigate the role of the grating aspect ratio in determining cell 
elongation and alignment, hMSCs elongation on line patterns on flat substrates 
was measured. If the height of the printed patterns is assumed to be much 
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smaller than its width, then the flat substrates printed with parallel fibronectin 
line patterns can be effectively treated as gratings with an aspect ratio of 
approximately zero,. This is a reasonable assumption given that the height of 
the protein monolayer is less than 10 nm[178]. However, instead of printing 
line patterns on PDMS, TCPS was used as a substrate as it has more 
established and readily available protocols for micro-contact 
printing[165,176]. 
Figure 5.8 Printed rhodamine-labeled fibronectin line patterns of width (i) 1 
µm, (ii) 2 µm and (iii) 10 µm on flat TCPS substrate. Scale bar represents 20 
µm. 
Fluorescence micrographs of the TCPS substrates printed with 1 µm, 2 µm 
and 10 µm fibronectin line patterns are shown in Figure 5.8. The fibronectin 
lines were patterned reproducibly, although there was some unevenness due to 
minor defects on the PDMS stamp. 
Through immunofluorescence staining of the focal adhesion protein, vinculin, 
it can be seen that the passivation coating (Pluronics F127) prevented the 
formation of focal adhesions between fibronectin lines (Figure 5.9). By 
confining the initiation and maturation of focal adhesions to within the 
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fibronectin lines (white arrows), the line patterns effectively presented guiding 
cues as zero aspect ratio “gratings” to induce cell elongation and alignment. 
Figure 5.9 Focal adhesions distribution of elongated and aligned hMSCs on 
printed fibronectin line patterns of width (i) 1 µm, (ii) 2 µm and (iii) 10 µm. 
White arrows show focal adhesions (green) confined to the fibronectin lines 
(red). Scale bar represents 10 µm. 
After one day of seeding hMSC on the line patterns, the mean cell elongation 
was fairly constant with values 3.87±0.28, 3.92 ± 0.42 and 4.21 ± 0.72 for 
line-widths of 1 µm, 2 µm and 10 µm, respectively (Figure 5.10). In addition, 
these values were comparable to that on flat TCPS uniformly coated with 
fibronectin (unpatterned), which was 3.74 ± 0.1. Based on a p-value of 0.29 
from a one-way ANOVA test, there was no statistical significant difference 
between the groups. Therefore, these results showed that cell elongation is 
independent of line pattern width on flat substrates and supported the 
hypothesis that it is the grating aspect ratio that determines cell elongation. 
Similarly, cell alignment was also found to be insensitive to line pattern width 
with the percentage of aligned cells on line- widths of 1 µm, 2 µm and 10 µm 
being 30.23 ± 11.15 %, 31.15 ± 7.01 % and 38.04 ± 12.20 %, respectively 
(Figure 5.10). While it appeared that the percentage of aligned cells on the 10 
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µm line patterns was higher as compared to that on the smaller line patterns, 
this was due to experimental variations. In fact, there was no statistical 
significant difference between the groups as indicated by a p-value of 0.72 
from a one-way ANOVA test. 
Figure 5.10 The mean cell elongation and percentage of aligned cells on 
fibronectin line patterns printed on TCPS. Error bars denote stand error of 
mean. There is no statistically significant difference between the groups in 
terms of mean cell elongation (p-value = 0.29) and percentage of aligned cells 
(p-value = 0.71). 
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5.3.4 Mathematical model of cell elongation driven by anisotropic 
grating rigidity 
Based on the experimental results in previous sections, it was hypothesized 
that cell elongation is dependent on the aspect ratio and rigidity of the 
gratings. From a mechanical point of view, even though the gratings were 
fabricated from an elastically isotropic material, they acted as a substrate with 
anisotropic rigidity as their geometry resulted in higher apparent rigidity along 
the length of the gratings and lower apparent rigidity in the perpendicular 
direction. In this case, their heights (0.35 µm–10 µm) and widths (1 µm–10 
µm) are comparable to the dimensions of the hMSCs (approximately 100µm), 
whereas their lengths (5–10 mm) are several orders of magnitude larger. 
Mathematically, the overall cell elongation on gratings can be written as 
  ( 5.1 ) 
where eb is the basal elongation corresponding to cell elongation induced on a 
flat substrate that is rigidity-dependent and eg is the grating-induced 
elongation corresponding to the additional cell elongation induced by grating 
topographical features that is dependent on its anisotropy of rigidity. 
While fibroblast polarization has been shown to increase with substrate 
rigidity, this dependence is non-linear and saturates above a certain rigidity 
threshold (Figure 1 in [13]). As hMSCs and fibroblasts are stromal cells with 
many common features, it can be assumed that the dependence of hMSC basal 
elongation on substrate rigidity follows a similar power law, 
e = eb + eg
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  ( 5.2 ) 
where E is the Young’s modulus of the flat isotropic substrate and α = 0.23 an 
exponent obtained from the experimental data[13]. 
The grating-induced elongation, on the other hand, was hypothesized to be 
dependent on the grating anisotropic rigidity as given by 
  ( 5.3 ) 
where Ex (Ey) is the apparent rigidity of the grating along (perpendicular to) its 
length and δx (δy) is the deflection of the grating along (perpendicular to) its 
length under cellular traction. This grating-induced elongation is governed by 
the same underlying mechanism as that of basal elongation, hence the choice 
for the same power-law form and exponent as in Equation ( 5.2 ). As the 
grating length is several orders of magnitude larger than the grating width, this 
leads to anisotropy in grating rigidity, where the apparent rigidity along the 
length of the grating (Ex) is significantly larger than the apparent rigidity 
perpendicular to the grating (Ey). As grating deflection is inversely 
proportional to its apparent rigidity, the deflection along the length of the 
grating (δx) resulting from cellular traction is significantly smaller as 
compared to the deflection perpendicular to the grating (δy). The cells 
apparently were able to discern and “measure” this degree of anisotropy in 


























Figure 5.11 Cross-sectional profile of (i) high aspect ratio and (ii) low aspect 
ratio gratings undergoing deflection under a traction force F perpendicular to 
the length of the gratings. 
The functional form for eg was next derived by first considering δy, the 
deflection of a single grating under a cellular traction force F in the direction 
perpendicular to the length of the grating (Figure 5.11). The traction force, 
generated by the cell’s actomyosin machinery contractility and transmitted to 
the gratings through focal adhesion complexes, was assumed to act over an 
effective length Leff in the direction along the length of the grating. Each focal 
adhesion complex thus serves as a mechanosensor to “probe” the underlying 
rigidity of the substrate. The following assumptions were made to simplify the 
derivation of our mathematical model. First, Leff is of the typical size of a focal 
adhesion complex. Second, the grating is modeled as a cantilever beam with 
length H and cross-sectional area w × Leff,. Third, δy is calculated based on a 
freestanding cantilever beam, neglecting the boundary conditions on both 
sides of Leff. In reality, the grating on both sides of Leff will act as a constraint 
to limit δy. 
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As suggest by Schoen et al.[179] based on linear elastic theory, the grating 
deflection δy can be written as a linear combination of three different modes of 
deflection (derivation given in Appendix): 
  ( 5.4 ) 
where δbending is the deflection induced by bending of the gratings, δshear is the 
deflection induced by shearing of the gratings, δtilt accounts for the tilting 
effect at the base of the gratings, E is the Young’s modulus of the gratings and 
F is the cellular traction force. As shown in Figure 5.11, this deflection δy is 
dominated by grating shear in low aspect ratio gratings (H/w < 1) and by 
grating bending and base tilting in high aspect ratio gratings (H/w > 1). 
Experiments on pillar arrays of different stiffness have shown that the 
saturation force exerted by cells was dependent on substrate rigidity[180]. The 
observed gradual saturation of traction force with higher substrate rigidity 
(Figure 2c in [180]) suggested that this dependency can be approximated by a 
power law as follows: 
  ( 5.5 ) 
where β is a power-law exponent bounded between 0 and 1. 
Finally it was also assumed that the grating deflection in the direction along 
the length of the grating δx, is inversely proportional to the substrate rigidity 
only and independent of any grating geometric factors. The justification for 
this assumption is that δx is very localized since the grating length is several 





































orders of magnitude larger than the effective length Leff of the traction force. 
Thus δx can be approximated by the following form: 
  ( 5.6 ) 
where E is the Young’s modulus of the gratings. 
Combining Equations ( 5.1 ) –( 5.6 ) and simplifying, the model relating cell 
elongation to grating aspect ratio and rigidity can therefore be expressed as 
  ( 5.7 ) 
In this form, the model provides a quantitative interpretation on the 
contribution of substrate rigidity as well as the linear and higher-order effects 
of grating aspect ratio on overall cell elongation. The constants E0 and E1 are 
the characteristic rigidities that are dependent on the substrate material. On 
one hand, the basal elongation (first term) is dependent on E0, which 
corresponds to the substrate rigidity at which unity basal elongation occurs. 
On the other hand, the grating-induced elongation (second term) is dependent 
on E1, which corresponds to the local grating rigidity at which unity grating-
induced elongation occurs on gratings with aspect ratio of 0.23. This local 
rigidity arises from the anisotropic geometry of the gratings, whose role in 
grating-induced elongation is analogous to that of substrate rigidity in basal 
elongation. In addition, this elongation is modulated by a factor (in square 


































































is dependent on the cell type-specific variation of traction force response to 
substrate rigidity. 
Figure 5.12 Experimental data and model prediction of cell elongation on stiff 
and compliant PDMS gratings and line patterns printed on flat TCPS. 
This model in Equation ( 5.7 ) was fitted to our experimental results on stiff 
PDMS gratings (E = 1.43 MPa) using a nonlinear least square algorithm 
(Trust-Region-Reflective) to obtain the values of 0.02, 1.03×10−6 and 0.55 for 
E0, E1 and β respectively. In Figure 5.12, the plot of cell elongation versus 
grating aspect ratio showed that there is good agreement between the model 
(solid line) and our experimental data (white circles). To further validate the 
model, the experiments were repeated with a new set of gratings with a higher 
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aspect ratio of 2 (grating width of 2µm and height of 4µm). The SEM image of 
the grating cross-section in Figure 5.13 showed that the actual aspect ratio of 
the gratings is 2.01±0.03. The corresponding cell elongation measured is 
18.67±1.14 (solid circle), which is close to the value predicted by the model. 
Hence, this model is accurate in reproducing the upward trend in cell 
elongation as grating aspect ratio increases. 
Figure 5.13 SEM image showing cross-section profile of stiff PDMS gratings 
with 2 µm width and 4µm height (aspect ratio of 2). Scale bar represents 5 
µm. 
In addition to gratings of different aspect ratios, the cell elongation model was 
shown to be applicable to gratings of same substrate material with different 
rigidities by using it to predict cell elongation on the compliant PDMS 
gratings (E = 0.18 MPa). In this case, since the substrate material was 
unchanged and E0 and E1 are material-dependent parameters, the same set of 
values for E0, E1 and β as that for the previous stiff PDMS gratings were used. 
The theoretical curve (solid line) together with the experimental data (white 
triangles) plotted in Figure 5.12 showed that the model has good agreement 
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with the small set of data (aspect ratio between 0.04 and 0.36) and a 
monotonic increase in elongation versus grating aspect ratio. 
The versatility of this model in predicting cell elongation on gratings of 
different materials by the use of material-dependent parameters E0 and E1 is 
clearly demonstrated when it was applied to TCPS gratings with Young’s 
modulus of 4,000MPa. In this case, if the same E0, E1 and β as that for PDMS 
were used (dotted line in Figure 5.12), the predicted cell elongation was 
erroneous and much higher than the experimental values (white squares). 
However, when the model was refitted to experimental data on TCPS gratings 
using E0 and E1 as fitting parameters, revised values of 152 and 0.03 were 
obtained respectively. The value of β remained unchanged as it is only 
dependent on cell type. In Figure 5.12, the corrected theoretical curve based 
on these set of new parameter values (dashed line) had good fitting with the 
small set of experimental values (white squares), indicating that this set of 
material-dependent parameters has successfully accounted for the effects of 
material properties and surface chemistries and provided accurate adjustments 
to cell elongation. 
5.3.5 Cell alignment on gratings correlates with cell elongation 
By plotting the mean elongation and percentage of aligned cells on all gratings 
with different aspect ratios, it was found that there exist a good linear 
correlation between the two entities for small values of cell elongation less 
than about 6 and a saturation in the percentage of aligned cells towards 100 % 
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for larger values of cell elongation (Figure 5.14, solid circles). Based on the 
distribution of the data points, a curve of the functional form was chosen to 
quantify this relationship: 
 
where y is the percentage of aligned cells, x is the cell elongation, y0 is a 
constant and x0 and x1 are fitting parameters. When x is large, y approaches y0, 
which is set to be the saturation value of 100. When x is much smaller than 1, 
y follows a linear trend with respect to x. 
Figure 5.14  Plot of percentage of aligned cells versus cell elongation when 
threshold angle used for selecting aligned cells is set to 15o (solid circles) and 
5o (solid triangles). The correlation between the two entities is accurately 
reflected in the respective fitted trend lines (solid and dotted lines). 













The curve was fitted to the experimental data by calculating for the values of 
the fitting parameters x0 and x1 and the following equation was derived: 
  ( 5.8 ) 
As shown in Figure 5.14, this curve (solid line) has good agreement with the 
observed experimental data. When the percentage of aligned cells is zero, cell 
elongation in Equation ( 5.8 ) is approximately 2.87, which is a reasonable 
value given that cell alignment is defined only for cells with elongation more 
than 4. At the other end of the curve, the percentage of aligned cells 
approaches a maximum of 100 % for large cell elongation. 
This trend between cell elongation and percentage of aligned cells is robust 
and remain intact even when the threshold angle used for selecting aligned 
cells was reduced from 15o to 5o (Figure 5.14, solid triangles). In this case, the 
equation of the fitted curve also showed good agreement with the 
experimental data and is given by 
  ( 5.9 ) 
5.4 Conclusion 
In this chapter, the effect of topographical gratings on cell elongation and 
alignment was investigated. It was found that cell elongation is higher on 
gratings than on printed line patterns of the same width. Both cell elongation 
and alignment were also enhanced on smaller and stiffer gratings. When the 





















grating dimension and aspect ratio were varied, however, we found that 
elongation and alignment were dependent on grating aspect ratio rather than 
line-width alone. A quantitative model of cell elongation was developed by 
incorporating the effect of substrate rigidity and aspect ratio. This model 
identified grating anisotropic rigidity as the driving force behind cell 
elongation and was validated using gratings with a higher aspect ratio and 
substrate materials with different rigidities. Lastly, it was also shown that there 
is good correlation between cell elongation and alignment. 
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Chapter 6 Mechano-sensing of grating topography is 
mediated by cell contractility via traction forces 
6.1 Introduction 
In the mechanosensing of physical cues from their microenvironment, 
adherent cells make use of FA to transmit actomyosin stresses generated 
within their cytoskeleton to exert traction forces on the ECM. Although 
traction stresses are in general oriented towards the cell body in the direction 
along the underlying stress fibers [1,138], their distribution and magnitude are 
highly dependent on cell morphology, migratory state and dynamics of the 
actin cytoskeleton. Highly motile cells (eg. keratocytes) with rapid actin 
turnover typically exert lower traction forces as compared to slower moving 
cells (eg. fibroblasts). The contractile forces at the rear end of cells have also 
been shown to be responsible for maintaining cell polarity [181]. In fibroblasts 
spreading on unpatterned substrates, large traction stresses are distributed 
around the cell periphery [182]. Such stresses, which are regulated by myosin 
II activity via the RhoA-ROCK pathway, will be markedly reduced through 
inhibition of myosin II [183] 
Traction force microscopy (TFM) has been widely used to estimate the cell-
induced strains and stresses on the substrate. In TFM, polyacrylamide gels are 
used as the substrate material as they are highly elastic, transparent, 
mechanically stable and easy to prepare, all of which are desirable substrate 
properties. While continuous PAA gels were used in most setups, discrete 
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structured substrates, such as bendable pillars [184], and micropatterned 
substrates [185] have also proved to be useful for estimating cell traction 
forces. Fabrication of PAA gratings has been achieved recently using nano-
molding and capillary force lithography [186,187]. 
In this chapter, traction forces exerted by cells on unpatterned PAA substrates 
and PAA gratings were analysed to verify the change in cytoskeletal 
contractility of cells cultured on gratings. In the calculation of traction force, a 
deconvolution operation was applied to the confocal beads images used in 
DVC in order to improve their 3D spatial resolution and eventually the 
resolution of the traction forces. Lastly, the distribution of traction forces and 
the mean traction force were examined and compared for both unpatterned 
substrates and gratings. 
6.2 Methods and materials 
6.2.1 Fabrication of PAA gratings and substrate preparation 
Polyacrylamide (PAA) gels were prepared and attached to activated glass 
coverslips by a method previously described in [87]. Briefly, coverslips (25 
mm diameter) were treated with 100µl 3-aminopropyltrimethoxysilane 
(Sigma-Aldrich) for 5 minutes to activate the glass surface for gel treatment. 
The glass surfaces were then washed with distilled water and covered with 
0.5% glutaraldehyde (Sigma-Aldrich) in phosphate buffered saline (PBS) for 
30 minutes. 
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The pre-polymerized acrylamide gel solutions were prepared with varying 
concentration of acrylamide (Bio-Rad, Hercules, CA) and bisacrylamide (bis, 
Bio-Rad) to vary the rigidity of the polymerized gels. Specifically, gel 
solutions with concentrations ratio of 8% acrylamide to 0.1% bis were 
prepared by mixing 2 ml of 40% acrylamide, 0.5 ml of 2% bis and 6.7 ml of 
deionized water. After desiccating this gel solution for 15 minutes, 
polymerization was initiated by adding 5µl of 10% ammonium persulfate 
(APS, Bio-Rad) to 0.92 ml of the solution with 0.5 µl of N,N,N´,N´-
tetramethylethylenediamine (TEMED, Bio-Rad) as catalyst. In addition, 1/25 
by volume of red fluoresecent beads (Ex/Em: 580 nm/605 nm) with 0.2 µm 
diameter (FluoSpheres; Invitrogen, Carlsbad, CA) were added before the 
acrylamide gel solutions were polymerized. A 20 µl drop of the gel solution 
was then sandwiched between a poly(methylmethacrylate) (PMMA) grating 
master mold and a treated coverslip, and left to polymerize for 1 hour. The 
Young’s modulus of the polyemerized gels measured with an atomic force 
microscope was 6.19 ± 0.13 kPa (mean ± standard error) and corresponded 
well with values reported in the literature [87,188]. 
After polymerization, the whole setup was immersed in 50mM 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, pH 8.5; Sigma-
Aldrich) and washed in a shaker for 3 hours. The master mold was peeled off 
carefully and the gel was placed in HEPES buffer (4 ml in 6-well plate) 
overnight. The fully hydrated gels were approximately 50-60 µm thick. 
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Functionalization of the gel with fibronectin was performed by treating the 
surface with 0.5 mg/ml sulfo-succinimidyl-6-(4-azido-2-nitrophenyl-amino) 
hexanoate (sulfo-SANPAH, Pierce, Rockford, IL) in HEPES, which was then 
activated by exposing to ultra-violet (UV) light for 15 minutes. The darkened 
sulfo-SANPAH solution was subsequently removed and the gels were rinsed 
twice with HEPES for 15 minutes. Fibronectin (Sigma-Aldrich) was coated 
onto the gel at a concentration of 100 µg/ml for 2 hours at room temperature. 
Finally the gels were rinsed with PBS and sterilized by UV for 15 minutes. 
Prior to cell seeding, the PAA gels were incubated in cell culture medium at 
37oC for 30 minutes. 
6.2.2 Fabrication of PDMS gratings and substrate preparation 
Gratings were fabricated using a low rigidity poly(dimethylsiloxane) (PDMS) 
(CY52-276, Dow Corning Toray) by first mixing a 1:1 weight ratio of the two 
components (CY52-276A and CY52-276B). The mixture was desiccated for 
10 minutes before being spin coated onto a tissue culture polystyrene (TCPS) 
grating master mold at 2000 rpm for 30 seconds. This layer of PDMS was 
allowed to partially cure at 80oC for 30 minutes. Another layer of PDMS 
(Sylgard 184, Dow Corning, Midland, MI) with a prepolymer to curing agent 
ratio of 10:1 was overlaid on top by spin coating at 2000 rpm for 30 seconds. 
The whole setup with two layers of PDMS was allowed to cure completely at 
80oC for another 1.5 hours. It was then carefully peeled off from the master 
mold and attached onto a plasma-treated glass coverslip. 
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The surface of the PDMS was treated with 5% (3-
Aminopropyl)triethoxysilane (APTES, Sigma-Aldrich) in absolute ethanol at 
room temperature for 10 minutes. It was subsequently cleaned by rinsing 
thrice in absolute ethanol and dried at room temperature for 10 minutes. Red 
fluorescent beads (Ex/Em: 580 nm/605 nm) with 1 µm diameter (FluoSpheres; 
Invitrogen, Carlsbad, CA) diluted 1:500 in deionized water were coated onto 
the silanized PDMS surface at room temperature for 10 minutes. Excess 
fluorescent beads were removed by rinsing twice with deionized water and the 
PDMS was dried and decanted at room temperature for 30 minutes. 
Shortly after beads attachment, the PDMS gratings were incubated with 20 
µg/ml fibronectin for 90 minutes before cells were seeded. 
6.2.3 Fabrication of GelMA gratings and substrate preparation 
Gelatin methacrylate (GelMA) hydrogels were prepared and attached to glass 
coverslips as described in [189]. Briefly, methacrylated gelatin was 
synthesized by first stirring a mixture of 10% type A porcine skin gelatin 
(Sigma-Aldrich) in phosphate buffered saline (PBS) at 60oC until the gelatin 
was fully dissolved. Methacrylic anhydride (MA) was then added in drop-wise 
to react with the gelatin solution at 50oC for 1 hour to form GelMA. The 
reaction was terminated by diluting with excess PBS and the final mixture was 
dialyzed against distilled water using a 12-14 kDa MWCO dialysis tube at 
40oC for 1 week to remove salts and methacrylic acid. Lastly the GelMA 
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solution was lyophilized for 1 week and converted into a white porous foam 
for long term storage. 
The surface of coverslips used for GelMA attachment was treated by 
incubating with 3-(trimethoxysilyl)propyl methacrylate (TMSPMA, Sigma-
Aldrich) for 3 minutes. TMSPMA was prepared by diluting in absolute 
ethanol at 1:200 and adding 3% acetic acid to the solution. The coverslips 
were then cleaned by rinsing with ethanol. 
The freeze dried GelMA prepolymer was fully dissolved in PBS containing 
0.05% of the photoinitiator 2- hydroxy-1-(4-(hydroxyethoxy)phenyl)-2-
methyl-1-propanone (Irgacure 2959, CIBA Chemicals) at 70oC. 1/25 volume 
of red fluoresecent beads (Ex/Em: 580 nm/605 nm) with 0.2 µm diameter 
(FluoSpheres; Invitrogen, Carlsbad, CA) were mixed well into the hydrogel 
and spread over a plasma-treated PDMS stamp with gratings on the top face. 
The PDMS was overlaid with a treated coverslip and kept at 70oC for 10 
minutes. The whole setup was then irradiated with UV for 1 minute to 
permanently crosslink the GelMA prepolymer into hydrogels. Lastly the 
PDMS stamp was removed after 1 day of drying to obtain the final 
micropatterned GelMA hydrogels. 
Prior to cell seeding, the hydrogels were rinsed with PBS and sterilized by UV 
for 20 minutes. 
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6.2.4 3T3 fibroblast cell culture 
National Institutes of Health 3T3 (NIH3T3) fibroblasts were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM, GIBCO, Grand Island, NY) 
supplemented with 10% fetal bovine serum (FBS, GIBCO) and 1% penicillin-
streptomycin (GIBCO) at 37°C in a 5% CO2 incubator. The cells were seeded 
onto the PAA substrates at a density of 8 ×103 cells/cm2. 
6.2.5 Live cell imaging and detection of fluorescent beads displacement 
Live cell imaging was performed after 1 day of cell culture. DIC images of the 
cell outline were acquired on a PerkinElmer Ultraview spinning disk confocal 
microscope with a 60x water objective lens (NA 1.2) and a stage incubator. 
3D fluorescent image stacks showing the positions of the fluorescent beads 
embedded with the PAA gel were also acquired with and without the presence 
of fibroblasts on the substrate. The cells were detached from the gel after 
incubating with 0.25% Trypsin-EDTA (Lonza, Basel, Switzerland) for 10 
minutes. For GelMA gratings, the cell detachment solution Accutase® (Life 
Technologies, Singapore) was used to dissociate the cells from the gel. 
6.2.6 3D Traction force calculation 
Digital volume correlation (DVC) was used to compute the traction force 
exerted by cells as described in past literature [190–192]. Briefly, two sets of 
3D confocal images of PAA gels, one with cells attached and the other with no 
cell, were acquired and compared. Each volume was further divided into sub-
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volumes Ω. The fluorescence intensity of the beads in each sub-volume of the 
strained and unstrained gels was denoted by  and  
respectively, where x1, x2 and x3 are the Cartesian coordinates in the x, y and z 
direction. 
The displacement vector u between the corresponding sub-volume can be 
estimated from the location of the peak of the cross-correlation function, 
which is defined as: 
  ( 6.1 ) 
This cross-correlation function can be efficiently computing in the frequency 
domain by applying Fourier transforms as follows: 
  ( 6.2 ) 
where denotes the Fourier transform of , * 
denotes the complex conjugate and F-1 denotes the inverse Fourier transform. 
The mean displacement at cell-free regions, where the cell was at least 5 µm 
away, was subtracted from the calculated displacements of the sub-volumes to 
correct for sample drift during image acquisition process. The resultant 
displacement matrix is an approximation of the local gel deformation that best 
account for the difference between the corresponding sub-volumes in the 
strained and unstrained gel images. 
f x1,x2 ,x3( ) g x1,x2 ,x3( )
m u( ) = f (x)g(x+u)∫ dΩx
m u( ) = F −1 F f x( )!" #$*F g x( )!" #${ }
F f x( )!" #$= f x( )e−ikx dΩx∫ f x( )
 103 
A displacement-gradient technique was used to obtain the strain tensor ε  
from the displacement matrix u by minimizing the following vector S in a 
least square expression [192], 
  ( 6.3 ) 
where  is the approximated displacement 
vector and  is the measured displacement vector. The constants a, b, c and 
d were determined by the least square minimization of Equation ( 6.3 ) using a 
3×sin pixel kernel. From these constants, the strain tensor was obtained as the 
following matrix form: 
  ( 6.4 ) 
Assuming that the material is linearly elastic, isotropic and incompressible, the 
material stress tensor σ  can be determined form the following constitutive 
relation: 
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ε23 , E is the Young’s modulus of the gel 
and ν is the Poisson’s ratio. 
Using the Cauchy relation, the stress or traction vector F on the surface of the 
gel can be determined as: 
  ( 6.6 ) 
where n is the surface normal vector [191]. 
6.2.7 Statistical analysis 
Statistical differences between different conditions in the data were analyzed 
by a two-tailed Student’s t-test. Asterisks indicate *p-value <0.05, **p- value 
<0.01, and ***p-value <0.001. All values are mean±standard error of mean 




6.3 Results and discussion 
6.3.1 Fabrication of PAA gratings 
Figure 6.1 Polyacrylamide (PAA) gratings (i) with dimension 2 µm in width 
and 2 µm in height shown in bright field and (ii) beads distribution shown in 
fluorescence. Scale bar represents 20 µm. 
PAA gels with gratings were fabricated for use as substrates in TFM. The 
gratings were replicated from a master mold with gratings that are 2 µm in 
width and 2 µm in height. Different types of molds and polymerization 
methods were tested before a suitable substrate was found. In the protocol for 
the preparation of unpatterned PAA gels, the polymerization reaction can 
proceed by the generation of free radicals from either a chemical (TEMED + 
APS) or a photochemical (UV) source. Initial attempts using PDMS molds 
were unsuccessful as polymerization was inhibited due to the presence of 
oxygen in PDMS, serving as a free radical trap. While subsequent trials using 
TCPS molds with the photochemical method yielded gratings, the substrate 
surface chemistry did not allow for cell adhesion even after functionalization 
with fibronectin. After extensive experimentation, a PAA substrate with well-
formed gratings that supported cell adhesion was obtained by using a PMMA 
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mold with the chemical method (Figure 6.1(i)). As PAA is a hydrogel, the 
gratings underwent swelling after one day of cell culture and the final width of 
the gratings was close to 3 µm. To track the deformation of the gratings due to 
cellular traction force, 0.2 µm fluorescent beads were mixed into the PAA gel 
and became embedded after polymerization. Figure 6.1(ii) shows the 
distribution of the beads in the gratings. 
6.3.2 3D deconvolution improves XY and Z spatial resolution 
Figure 6.2 Confocal images of fluorescent beads showing the improvement in 
spatial resolution before and after deconvolution in the XY, XZ and YZ plane. 
Red ellipses highlight the resolution of beads clusters into individual beads 
and the reduction of scattering of bead intensity signal. 
Confocal images showing the location of the fluorescent beads were acquired 
with 60X water-immersion objective lens with a numerical aperture of 1.2. As 
the light from a bead is diffracted when it passes through the optics of the 
microscope, the resulting bead image is much larger than the actual size of the 
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bead. While a high bead density is needed to resolve traction forces on 
gratings as small as 1 µm, it is also necessary to separate the individual beads 
by increasing their spatial resolution via image deconvolution. This is 
essentially an operation to recover the original beads image from its diffracted 
image based on the point spread function (PSF), which is a property of the 
microscope setup.  By treating the beads as point sources, the PSF was 
measured empirically by fitting a 3D Gaussian model to the actual bead 
intensity. 
For each pixel at (x,y,z), the total bead intensity is given by 
  ( 6.7 ) 
where B is the background intensity, A is the peak intensity, 
  ( 6.8 ) 
This is a generalized model with an estimate of the bead centroid µ and a 
covariance matrix Σ that incorporates the interdependence between variances 
in the x, y and z axes. The 11 fitting parameters of A, B, µ and Σ were 
determined by applying the trust-region-reflective algorithm to minimize the 
least square errors between pixel intensities in the model and the data. 
The confocal image stack was deblurred using DeconvolutionLab [193], a 3D 
deconvolution package for microscope images implemented as an ImageJ 
plugin. In this case, the Richardson-Lucy iterative algorithm [194,195] was 
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used with a PSF generated from the mean fitted parameters of 100 randomly 
selected beads. As shown in Figure 6.2, the bead spatial resolution improved 
significantly after deconvolution. Not only were the scatter of intensity signals 
of individual beads reduced in both the lateral (x and y) and axial (z) axes, 
clusters of beads were also clearly resolved into individual beads (red 
ellipses). 
6.3.3 In-plane traction force is higher on unpatterned PAA 
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Figure 6.3 Cell traction force on unpatterned PAA substrate. (A) DIC cell 
image with black outline. (B) In-plane (x-y) and out-of-plane (z) traction force 
map at z = 4.6µm, 5.6µm and 6.6µm. (C) Plot of mean in-plane and out-of-
plane traction force at z=4.6µm (n=5). Error bars denote stand error of mean. 
There is no statistical significant difference between the groups (p-value = 
0.69) 
The traction force exerted by NIH 3T3 fibroblast on unpatterned PAA 
substrate was analysed using 3D TFM. In the initial step, the displacement of 
the beads due to traction force was calculated by applying the Digital Volume 
Correlation (DVC) algorithm to compare the positions of the fluorescent beads 
unpatterned	  PAA	  
(A) (C) 
(B) z=4.6µm	   z=5.6µm	   z=6.6µm	  






























with and without the cells attached. Next, the results obtained were used to 
derive the stain and stress tensors, which was then used in the final 
computation of traction force.  
In Figure 6.3, the traction force maps show the magnitude of the in-plane (xy) 
and out-of-plane (z) traction force within the cell boundary at z=4.6µm, 5.6µm 
and 6.6µm (measured from the top of the substrate). According to the 
distribution of traction forces, the in-plane component ( ) is highest 
at the peripheral region while the out-of-plane component (Fz) is highest 
around the central region. This is consistent with the results from current 
literature, where it was reported that traction forces at the cell tips exert 
inwards and upwards while those around the main body are directed 
downwards into the substrate. 
In terms of mean cell traction force, defined as the traction force averaged 
over the area covered by the cell, the in-plane component is slightly larger 
than the out-of-plane component. However, the difference is not significant 
when tested under a Student’s t-test (p-value=0.69). In this case, the sample 
size could be increased to improve the confidence level of the result. 





Figure 6.4 Cell traction force on 2µm PAA grating substrate. (A) DIC cell 
image with black outline. (B) In-plane (x-y) and out-of-plane (z) traction force 
map at z=1.2µm, 2.2µm and 3.2µm. (C) Plot of mean in-plane and out-of-
plane traction force at z=1.2µm (n=7). Error bars denote standard error of 
mean. Asterisks indicate *p-value <0.05, **p- value <0.01, and ***p-value 
<0.001 
Results from 3D TFM studies and Section 6.3.3 have shown that there are 
both in-plane (xy) and out-of-plane (z) components to traction forces exerted 
on unpatterned substrates [191,192]. It will be interesting to observe how these 
force components are distributed on gratings with respect to the cell. 
2µm	  PAA	  gratings	  
(A) (C) 
(B) z=1.2µm	   z=2.2µm	   z=3.2µm	  




































In the same setup as in Section 6.3.4, the traction force exerted by NIH 3T3 
fibroblasts cultured on 2 µm PAA gratings were analysed using the DVC 
approach. While PAA has been widely used as the substrate in TFM 
applications and PAA gratings of comparable dimensions have been 
successfully fabricated previously, this is the first time in which PAA gratings 
were used in a study of cell traction forces on gratings. In addition, to 
accommodate the discontinuous topography of gratings, modifications were 
also made to the standard DVC algorithm in the calculation of the bead 
displacement field. Lastly, in order to recover traction forces on small 
gratings, the improvement in image spatial resolution brought about by 
deconvolution has been instrumental in raising the resolution up to 1µm. 
The effects of cell contractility on the generation of traction forces on gratings 
was evident in Figure 6.4, which shows the magnitude of the in-plane (xy) and 
out-of-plane (z) traction force within the cell boundary at z=1.2µm, 2.2µm and 
3.2µm (measured from the top of the gratings). In a similar observation as for 
traction forces on unpatterned PAA substrate, the in-plane component was 
highest at the ends of the cell, while the out-of-plane component was mostly 
concentrated around the cell center region. 
In terms of mean cell traction force, however, relative magnitude of both the 
in-plane and out-of-plane components was the reverse of that in unpatterned 
PAA with the former being significantly lower than the latter (p-value<0.05). 
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6.3.5 Cell traction forces are higher on gratings 
 Figure 6.5 Comparison of cell traction force on unpatterned PAA vs PAA 
gratings. Both in-plane and out-of-plane components of mean traction force on 
the gratings were significantly higher than those on unpatterned substrate. This 
may be due to the difference in how rigidity is sensed by cells: (left) 
unpatterned substrate presents isotropic rigidity while (right) grating substrate 
imparts anisotropic rigidity. Error bars denote standard error of mean. 






In order to elucidate the effects of gratings on cell contractility, the traction 
forces of cells on unpatterned substrate were compared against that on 
gratings.  Figure 6.5 shows the mean cell traction force on the gratings being 
significantly higher than that on unpatterned substrate for both the in-plane (p-
value<0.05) and out-of-plane (p-value<0.001) components.  
This result is consistent with the earlier sets of results obtained in Chapter 3 
and Chapter 5. In Chapter 3, FAs were found to be smaller but more elongated 
on smaller gratings, which is likely to be a consequence of the physical 
constraints imposed on their size and shape. In Chapter 5, it was suggested 
that physical structure of gratings imparted anisotropy in the local rigidity 
sensed by the cells such that the rigidity along the gratings is higher than that 
in the direction perpendicular to the gratings. As such, it follows that the 
cytoskeletal contractility is higher on gratings, which in turn is manifested as a 
higher level of cell traction force. 
6.3.6 Choice of grating substrate material 
Prior to using PAA as the grating substrate material for TFM, two other 
potential candidates have been explored and were found to be unsuitable as a 
substrate material for traction force measurement. 
The initial trials involved fabrication of PDMS gratings as it is most 
commonly used in the manufacture of topographical structures in cell-based 
studies. Even though the rigidity of PDMS (Slygard 184) can be adjusted by 
varying the prepolymer to cross-linker ratio, it is still too high to be suitable 
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for use in measuring traction force. Instead a softer type of PDMS (CY52-276) 
was used to make a 2-layer PDMS gratings comprising of an soft upper layer 
with gratings and a rigid lower layer as backing. When PDMS gratings were 
used in TFM, it appeared that no traction force was exerted on the substrate as 
no beads displacement could be observed. There are two possible explanations 
for this – either the beads did not move into their new positions or they did not 
move back to their original position. For the former case, it could be due to the 
fact that the soft PDMS is still too rigid for the cells to deform or the 
polystyrene beads could be immobilized in the substrate after forming cross-
links with PDMS polymer chains. For the latter case, the cause could be that 
the PDMS have undergone plastic deformation in which any change in shape 
becomes irreversible [196]. 
Besides PDMS, gratings fabricated from the GelMA were also found to be 
unsuitable as a substrate for TFM. GelMA is a photopolymerizable semi-
natural hydrogel synthesized by the conjugation of methacrylic anhydride to 
the amine-containing groups of gelatin. It has tunable mechanical rigidity and 
has been formed into cell-laden high aspect-ratio rectangular constructs that 
induce cellular alignment and elongation [197]. While it was possible to 
measure traction forces on every unpatterned GelMA sample, the TFM results 
from using GelMA gratings were not as consistent, as in traction forces could 
be visualized on some GelMA gratings but not others. This could be attributed 
to the fact that GelMA gratings being degraded during cell detachment as the 
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peptides linkages in the gelatin component were broken down by the cell 
dissociation reagent (eg. trypsin, accutase) (Figure 6.6). 
Figure 6.6 GelMA gratings with embedded fluorescent beads degraded by cell 
dissociation reagent during cell detachment. 
6.4 Conclusion 
In this chapter, 3D TFM was used to analyse traction forces exerted by cells 
on unpatterned PAA substrates and PAA gratings. Using a modified DVC 
approach on confocal beads images with improved spatial resolution after 
deconvolution, the traction forces were calculated at a resolution high enough 
to be sufficient for analysis of small gratings. While the traction forces were 
seen to localize to the cell periphery and were directed inwards to the mid cell 
region on both unpatterned substrate and gratings, the mean traction force on 
the latter is significantly higher than that on the former. This difference in the 
level of cell traction forces verified that mechano-sensing of the gratings is 
mediated by changes in cytoskeletal contractility.
c 
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Chapter 7 Conclusion and Recommendations 
7.1 Conclusion 
This study aims to investigate the effect of gratings on the various aspects of 
cell responses in the mechano-sensing of the underlying topography. Through 
the process of mechanotransduction, cells sense the topographical cues of 
gratings by detecting changes in the mechanical environments. 
The first part of this study started with the aim of characterizing the effect of 
grating width on the size and shape of cellular focal adhesions. From 
immunofluorescence images of the FA protein paxillin, the size and 
morphorlogy of FAs in hMSC were shown to be modulated by grating 
topography. In the quantitative analysis of FAs identified via image 
segmentation technique, the area and elongation of FAs was found to be 
dependent on grating width with smaller but more elongated FAs on smaller 
gratings. In addition, the distributions of their area and elongation were also 
different as compared to that of FAs on larger gratings. Hence it is clear that 
gratings affect arrangement of FAs, whose size and shape are dependent on 
grating width. 
The next aim of the study was to characterize the effect of grating width on the 
extent of cell basal membrane bending into the grating groove. When TEM 
was used to profile the cross section of hMSC on gratings, the basal 
membrane was shown to bend into the grooves of gratings with different 
widths. Based on data obtained from quantification of the membrane bending 
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profile, the extent of this bending was found to depend on both the groove 
width and the membrane bending angle. In order to explain this phenomenon, 
a model was developed by considering the membrane as a simple beam. The 
model was verified to be accurate in modeling the trends of increasing 
membrane deflection with larger membrane bending angle. It can also predict 
the extent of membrane bending for any given grating width and ridge 
curvature. In this case, membrane bending is predicted to occur on all gratings 
larger than 1.9µm as well as on gratings smaller than 1.9µm provided that the 
ridge curvature is between 5o and 45o. Therefore it can be seen that gratings 
affect membrane bending, whose extent is dependent on grating width and 
ridge curvature. To the best knowledge of our research groups, this would be 
the first theoretical prediction of the minimum grating gap dimension for basal 
membrane bending.  
For the third part of the study, the aim was to characterize the effect of grating 
aspect ratio on cell elongation and understand the role of anisotropic rigidity 
in inducing cell elongation. In investigating effect of topographical gratings on 
cell elongation and alignment, they were observed to be enhanced on smaller 
and stiffer gratings. When the grating width and aspect ratio were varied, 
however, cell elongation and alignment were found to be dependent on grating 
aspect ratio rather than line-width alone. This was further supported by the 
result that cell elongation and alignment were higher on gratings than on 
printed line patterns of the same width. A quantitative model of cell elongation 
that incorporated the effect of substrate rigidity and aspect ratio was developed 
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and subsequently validated using gratings with a higher aspect ratio and 
substrate materials with different rigidities. Hence this model identified that 
gratings affect cell elongation via anisotropic rigidity and the elongation is 
dependent on the grating aspect ratio. 
The final aim of the study was to characterize the magnitude and direction of 
cell traction force on gratings so as to verify the changes in the cytoskeletal 
contractility. In this case, 3D TFM was used to analyse traction forces exerted 
by cells on unpatterned PAA substrates and PAA gratings. Using a modified 
DVC approach on confocal beads images with improved spatial resolution 
after deconvolution, the traction forces were calculated at a resolution high 
enough to be sufficient for analysis of small gratings. While the traction forces 
were seen to localize to the cell periphery and were directed inwards to the 
mid cell region on both unpatterned substrate and gratings, the mean traction 
force on the latter was significantly higher than that on the former. This 
difference in the level of cell traction forces verified that mechano-sensing of 
the gratings is mediated by changes in cytoskeletal contractility brought about 
by the effects of gratings. 
In conclusion, this study has shown that gratings affect the different aspects of 
cell responses in the mechano-sensing of the underlying ECM topography. 
The various aspects of cell responses, including FA formation and maturation, 
basal membrane bending, cytoskeletal and cell elongation and traction forces, 
are interrelated outcomes that can be traced back to the same source of 
physical cues. When cells sense the anisotropic rigidity due to the grating 
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structure, they become elongated in the direction of higher rigidity along the 
gratings axis. As the cell shape changes, the basal membrane bends and invade 
into the groove space with a corresponding increase in intracellular 
cytoskeletal contractility. The higher tension in the acting stress fiber in turn 
lead to the maturation of focal contacts into larger and more elongated focal 
adhesions. Each of these changes are important by itself in triggering 
additional downstream effects, but by addressing them together within the 
context of grating-induced effects provides a starting point from which any 
potential synergistic effects can be further explored. 
7.2 Recommendations: 
7.2.1 Grating-specific 3D TFM algorithm 
The current 3D TFM algorithm is incapable of distinguishing between ridges 
and grooves. In order to achieve a more accurate and precise traction force 
resolution, the current algorithm need to be modified to account for the 
boundary conditions of the ridges. 
7.2.2 Focal adhesion formation on line patterns 
FA formation and arrangement on gratings is mediated by topographical cues. 
It would be interesting to see if line patterns have similar effects on FAs, even 
in the absence of topographical cues. 
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Chapter 9 Appendix 
9.1 Derivation of membrane bending model 
Figure 9.1 Standard beam of length L with uniform distributed load q 
In Figure 9.1, the differential equation of the deflection curve of a standard 
beam is given by 
  ( 9.1 ) 
where v is the deflection at any point x along the beam, M is the bending 
moment and EI the flexural rigidity (E: Young’s modulus, I: Moment of 
inertia). 
For a beam of length L with uniform load of intensity q acting throughout the 
span of the beam, the bending moment at a distance x is given by 
  ( 9.2 ) 
By substituting Equation ( 9.2 ) into Equation ( 9.1 ),we obtain 


















Solve for v by integrating twice with respect to x and considering boundary 
conditions  and  in the evaluation of the constants of 
integration, we arrive at 
  ( 9.4 ) 
 
For beam bending with additional curvature boundary conditions specified, we 
modified the standard beam bending model by adding moments MA and MB to 
account for the given angles of rotation θA and θB at both ends of the beam as 
shown by Figure 9.2 . 
Figure 9.2 Beam bending with uniform distributed load and curvature 
boundary condition. The beam supported at both ends (A, B) with length L 
and maximum deflection v. Moments MA and MB act at point A and B 
respectively to produce deflection angle θA and θB. 
Using the principle of superposition, the overall deflection observed in this 
modified model can be deemed to be the sum total of all deflections produced 
by these individual loads acting separately:  a uniform distributed load, two 
equal and opposite moments MB at both ends, and a net clockwise moment 








&= 0 v 0( ) = 0
v = − qx
24EI
L3 − 2Lx2 + x3( )
MO =MA −MB
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The overall deflection v is therefore given by 
  ( 9.5 ) 
 
Substitute  into Equation ( 9.5 ) and simplify to get 
  ( 9.6 ) 
 
Differentiate with respect to x 
  ( 9.7 ) 
 
Setting the boundary conditions  and  we get 
  ( 9.8 ) 
and 
  ( 9.9 ) 
 
Substitute Equations ( 9.8 ) and ( 9.9 ) into Equation ( 9.6 ) and simplify 
  ( 9.10 ) 
 
v = − qx
24EI
L3 − 2Lx2 + x3( )− MBx2EI L− x( )−
MOx
6LEI
2L2 −3Lx + x2( )
MO =MA −MB
v = − qx
24EI
L3 − 2Lx2 + x3( )− MBx6LEI L
2 − x2( )− MAx6LEI 2L
2 −3Lx + x2( )
v ' = − q
24EI
L3 −6Lx2 + 4x3( )− MB6LEI L
2 −3x2( )− MA6LEI 2L
2 −6Lx +3x2( )



















v = − qx
2
24EI
L2 − 2Lx + x2( )−θAL2 L
2x − 2Lx2 + x3( )−θBL2 Lx
2 − x3( )
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When , maximum normalised deflection is given by 
  ( 9.11 ) 
 
9.2 Derivation of the equation for calculating grating deformation  
δy in the low rigidity direction. 
Using linear elastic theory, the grating deflection in the direction 
perpendicular to the length of the grating δy due to cellular force F can be 
written as follows: 
. 
i. Bending: consider the deflection due to bending of a cantilever beam fixed 
at the base and subjected to force F at the other end, we obtained: 
, 
where E is the Young’s modulus of the grating and Ix is the moment of 
inertia of the cross-section about the x- axis. For a rectangular cross-
section with dimension w (direction perpendicular to the grating) and Leff 
(direction along the grating), . 
ii. Shearing: consider the deflection due to shearing of a rectangular cross-
section with dimension (w × Leff) and height H fixed at the base and 








































12 Leff w( )
3
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𝛿!ℎ!"# = 𝛼𝐹𝐻𝐺𝐴 = 2(12+ 11𝜐)𝐹10𝐸𝐿!"" 𝐻𝑤 , 
where G is the shear modulus of the grating and α is a constant that is 
only dependent on the Poisson’s ratio of the grating υ. The shear modulus 
can be expressed in terms of the Young’s modulus and Poisson’s ratio as 
follows: . For a rectangular cross-section, . 
iii. Tilting: consider the deflection due to the tilting at the base of the grating. 
When a force acts on the top of a cantilever beam fixed at the bottom, a 
torque M = FH occurs at its bottom that induces normal stresses as 
described by the flexure formula: 
, 
with σmax occuring at  (assuming the neutral axis passes through the 
centroid of the beam). This implies that: 
. 
The moment M causes a warping of the substrate beneath the base of the 
beam. This warping leads to a tilting of the pillar base by an angle θtilt, that 
is proportional to the Young’s modulus E of the PDMS: 
, 


















where ktilt is a constant that is only dependent on the Poisson’s ratio of the 
grating υ. Substituting the expression for σmax into the equation for θtilt, we 
obtain: 
. 
The tilting of the base causes a deflection at the top of the beam given by: 
. For small rotation, , 
 
Combining (i), (ii) and (iii), an expression for the deflection of the grating in 
the direction perpendicular to the grating in terms of the grating aspect ratio 
 can be obtained as follows: 
, 
where ktilt is a constant dependent only on υ.  
For gratings that are fabricated using PDMS with a Poisson’s ratio υ = 0.5, the 
above equation can be further simplified as: 
. 
It was further assumed that ktilt for a rectangular cross-sectional area beam can 




δtilt = H tanθtilt tanθ ≈θ
























































































derived by Schoen et al.[179]. Using Equation (8) in their paper with the free 
fitting parameter α = 1.3 and υ = 0.5, this approximation is given by: 
. 
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